
7AD-R149 578 REACTION OF EPOIIDES WITH WOOD(U) 
FOREST PRODUCTS LAB i/i.

MADISON WI R M ROWELL ET AL- DEC 84 FSRN-FPL-45i

UNCLASSIFIED F/G 7/3 NEhmmhhhh

ENEMhhlli

I.E



tabW- . . . . . . . . .- -- - - ---

If

11 '1 2.8 *2.5

11111 jfij 2.

jJ1.8Jll'r'-- s

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU Of Y1ANDARD :1 ,A



*Z; 'I Sis

100

-C'49 
/ 4

h og~rialt.S e

1' 4

. .. ...

* 4 . .'~ 
~(. ELEOTE

6' JANr~ 2 - S85" '4

* P DWRIBUTION STATEMENT A__ __ _ _

Appwnvd ha public zeleaesg
Distribution iUlimited



REPRODUCED AT GOVERNMENT EXPENSE

Abstract Table of Contents

"ThiS eport is a summary of an 8-year research program ____"

,at tme Forest Products Laboratory on chemical Preface ..................................... I
modification of wood with epoxides. Several species of
iooc1 were tested and the reactivity of many mono and Introduction ................................. I
difunctional epoxides was determined. The majority of
te research concentrated on the reactions of Background..............................
,-,pylene and butylene oxides catalyzed with Requirements for Reaction ................... I

Penetration .............................. 2

., mo(ecular weight epoxides react with wood cell Reactants .............................. 2
, ,.i1 polymer hydroxyl groups using a mild alkali Reaction Conditions ....................... 3

liyst. The chemicals penetrate the cell wall, Reactions with Wood ....................... 4
rciction is fast, there are no byproducts generated with
iry wood. and stable chemical bonds are formed. Experimental Design, Results, and Discussion .... 5
beecause reaction takes place in the cell wall, the R
increase in wood volume from the treatment is Reaction Conditions.......................5
Wioportional to the calculated volume of chemical Method of Drying ........................... 7
added. Bulking of the wood, caused by bonded Volume Changes in Wood as a Result of
cnemical, results in 50 to 70 percent dimensional Modification ............................... 8
stability at chemical weight gains of 20 to 30 percent. Dimensional Stability of Modified Wood ......... 9
Above this level of treatment, the increase in added Distribution of Bonded Chemicals.............13
chemical causes the Cell wall structure to break down Epoxides Reacted ........................... 17
and dimensional stability is lost. Good resistance to Wood Species Modified ...................... 19
biological attack is observed in wood modified to levels Effects of Moisture on Epoxide Reactions ...... 19
of 20 to 30 weight percent gains in laboratory tests Decay and Termite Tests ..................... 22
wth brown- and white-rot fungi, and with termites. "-. Laboratory I Decay......................22
Modified wood performs very well in a marine -Unsterile Soil ................. 23

* environment. Resistance to biological degradation is \ - Termite ...................... 25

m hought to be due to changes in chemical conformation ', Field Tests . Decay and Termite............ 27
of the potential substrate, mainly in the carbohydrate Marine Tests.............................27
fraction, that result from chemical modification. Mechanical Properties ....................... 28

Accelerated Weathering ..................... 30
Keywords: Epoxides, wood, chemical modification, Thermal Properties .......................... 33
dimensional stability, biological resistance. Adhesive Bond Strength ..................... 36ds brPublic Exposure ............................ 36

Conclusions ................................. 37

Literature Cited .............................. 38

Appendix A -Cooperating Scientists in Epoxide
Modification Research Program ................. 30

cecember 1984 Appendix B - Chronological Listing of Publications
Resulting from Epoxide Modification Research
Program 1975-1984 ............................ 40

Rowell', Roger M; Ellis, W Dale. Rection of epoxides with wood.

Res Pap FPL 451. Madison, Wi. U.S Department of Agriculture. Forest Appendix C -Glossary of Terms ................. 41
Se-',ce. Forest Products Laboratory; 1984 41 p

A111111111 nb I r 0i of p ii re I a , to

U~Laboratury pubications a )sent to over 1,000 libraries In the
U,,tcd Stales and elsewhere

Tre Laboratory is maintained in cooperation with the University of

Ire rse ut trade firm, of corporation names in this publication is for

ine iirimdrion and convenience of the reader. Such use does not
ciinii',ett an c fial endorsement or approval by the U.S. Department
o- Aq-,c:, u i o any product or service to the exclusion of others

r . q, ,' ie sjtable

CI

C" ."..



Preface

In 1975, the Forest Products Laboratory initiated a
research program to develop new technology in the
area of biological resistance of wood. The justification
for this research was the need for a less toxic or
nontoxic method of protecting wood in adverse
environments. In earlier research in the Laboratory it
had been found that chemically modified wood was
very resistant to attack by biological systems, but the
mechanism of effectiveness was not known. New
instrumentation technology and interest in this area
prompted a new look at chemical modification of wood. .-.- "

As the research progressed, interest developed from
other researchers around the world and a cooperative
research program was initiated. During the 8 years this

* study was active, eight universities, four companies,
and six institutes had input into the project. The
names of these cooperators are listed in Appendix A.
Numerous other companies tested the technology with
possible application to their product line.

Much of the data from this research program have been
published in scientific journals (see Appendix B)
however, some data were not. The total technology
developed during this project is presented in thisdocument.

It is hoped that the new advances in the chemical 0
modification of wood presented here will lead to the
development of treatments of wood for both improved
biological resistance and dimensional stability.
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Reaction of Epoxides
with Wood
Roger M Rowell, Research Chemist
W Dale Ellis. Chemist

Forest Products Laboratory, Madison, Wis.

Introduction . ]

Chemically modifying the cell wall polymers could Background
result in greatly enchanced properties of the composite
i.e.. wood. The purpose of this research has been to Wood is a three-dimensional biopolymer composite
investigate the reactivity of cell wall polymers, changes made up primarily of cellulose, hemicellulose, and
in the basic chemistry of these polymers, and lignin (fig. 1). These polymers make up the cell wall and

improvements in wood properties through chemical are responsible for most of the physical and chemical

modification. properties exhibited by wood. Wood is a preferred S
building/engineering material because it is economical,

A review of the history of chemical modification shows low in processing energy, renewable, strong, and -

that the bulk of the research conducted was aimed at aesthetically pleasing. It has, however, several
improving either biological resistance or dimensional disadvantageous properties such as biodegradability,
stability. Chemical modification of wood for biological flammability, changing dimensions with varying
resistance is based on the theory that the enzymes moisture contents, and degradability by ultraviolet
(cellulases) must directly contact the substrate (wood light, acids, and bases. These properties of wood are.!

cellulose), and the substrate must have a specific all the result of chemical reactions involving
configuration. If the cellulosic substrate is chemically degradative environmental agents. Wood, for example,
changed, this highly selective reaction cannot take is biologically degraded because organisms recognize
place. Chemical modification can also change the the polysaccharide polymers in the cell wall and have
hydrophilic nature of wood. In some cases water, a very specific enzyme systems capable of hydrolyzing
necessity for decay organisms, is excluded from these polymers into digestible units. Because high _- -

biological sites. The chemicals used for modification molecular weight cellulose is primarily responsible for
need not be toxic to the organism because their action strength in wood, strength is lost as this polymer

renders the substrate unrecognizable as a food source undergoes biological degradation through oxidation.
to support microbial growth. In other words, the hydrolysis, and dehydration reactions. The same types -

organisms starve in the presence of plenty. of reactions take place in the presence of acids and
bases.

By far the greatest amGunt of research for dimensional
stability of wood has been carried out in the area of Wood changes dimensions with changing moisture
cell wall treatments. It has been shown that the content because the cell wall polymers contain.-
increase in wood volume upon treatment is directly hydroxyl and other oxygen-containing groups that
proportional to the theoretical volume of chemical attract moisture through hydrogen bonding. This
added. The volume of wood increases with increasing moisture swells the cell wall, and the wood expands
chemical added to about 25 weight percent gain (WPG) until the cell wall is saturated with water. Water. ]
at which point the treated volume is approximately beyond this point, is free water in the void structure
equal to green volume. When this bulked wood comes and does not contribute to further expansion. Thisinto contact with water, very little additional swelling process is reversible, and shrinkage occurs as moisture - 9

can take place This is the mechanism for the is lost.
effectiveness of dimensional stability bulking
treatments.

-9• . . '-



llose 280 Requirements for ReactionCe,,uiose 403 fo
Hemicellulose 28 7

Penetration
In whole wood, accessibility of the treating reagent to
the reactive chemical sites is a major consideration.

cell.ose 08 S, , To increase accessibility to the reaction site, the
Hemiceiiuiose 52/ L egnn 91 chemical must penetrate the wood structure.

Ceulose 32 Penetration can be achieved through swelling of theHemicellulose 184•'° .

/,wood structure. If a reagent potentially capable of
S. "modifying wood does not swell wood substance, then

Lig 10 P Lp " 84 -
Mlcel 1u 07eperhaps a suitable catalyst would. If both reagent and

micelsiuose 3 1 lo - Hemicellulose 1 4 catalyst were unable to swell the wood, a workable
• cosolvent could be added to the reaction system.

Reactants
Cellulose, the hemicelluloses, and lignin are distributed
throughout the wood cell wall. These three polymers

Figure I -Chemical composition of the cell wall of scotch make up the solid phase of wood and the hydroxyl
pine fM148913 groups they contain are the most abundant reactive

chemical sites. The void structure or lumens in wood
can be viewed as a bulk storage reservoir for potential S

Wood burns because the cell wall polymers undergo chemical reactants, used to modify the cell wall
hydrolytic. oxidation. dehydration. and pyrolytic polymers. For example, the void volume of southern
reactions with increasing temperature, giving off pine springwood with a density of 0.33 g/cm3 is
volatile, flammable gases. The lignin component 0.77 cm 3 voids/cm 3 wood or 2.3 cm 3/g. For
contributes more than do other polymers to char summerwood with a density of 0.70 g/cm, the void
formation, which helps insulate wood from further volume is 0.52 cm 3/cm3 or 0.74 cm 3/g. The cell wall can
thermal degradatior also swell and act as a chemical storage reservoir. For

southern pine the cell wall storage volume from
Wood exposed outdoors undergoes photochemical ovendry to water swollen is 0.77 cm 3/cm 3. These data
degrad ion due to ultraviolet light, primarily in the show that there is more than enough volume in the
lignin component. which gives rise to characteristic voids in wood to house sufficient chemical for reaction
color changes. Because the lignin acts as an adhesive to take place with the cell wall polymers.
in wood, holding cellulose fibers together, the wood
surface becomes richer in cellulose content as the Potential reactants must contain functional groups that
lignin degrades. Cellulose is much less susceptible to will react with hydroxyl groups of the wood -.
ultraviolet degradation and is washed off the surface components. This may seem obvious, but there are
during a rain exposing new lignin to continue the many literature reports of chemicals that failed to react
degradative reactions. This weathering process can with wood components when, in fact, they did not
account for a significant loss of surface fibers in time. contain functional groups that could react.

Because all of these degradative effects are chemical The chemical bond desired between the reagent and
in nature, it should be possible to eliminate or decrease the wood component is of major consideration. For
the rate of degradation by changing the basic permanence, this bond should have great stability to
chemistry of the cell wall polymers. By chemically withstand environmental stresses. In such cases, the
modifying the cellulose component, for example, the ether lineage may be the most desirable covalent
highly specific biological enzymatic reactions cannot carbon-oxygen bond. These are more stable than the
take place because the chemical configuration and glycosidic bonds between sugar units in the wood
molecular conformation of the substrate has been polysaccharides so the carbohydrate polymers would
altered. Bulking the cell wall with bonding chemicals degrade before the bonded ether did. Less stable 0
would reduce the tendency of wood to swell with bonds can also be formed that could be useful for the
changes in moisture because the wood would already release of a bonded chemical under environmental
be in a partially, if not completely, swollen state. stresses. Acetals and esters are less stable than ether

bonds and could be used to bond biological agents or
fire retardants onto wood to be released under certain
conditions.

2
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It is importdnt that 100 percent of the reagent skeleton It is impractical to dry wood to less than 1 percent
bond to the wood with no byproduct generation. If a moisture, but the water content of the wood during

, byproduct were formed during the reaction, a recovery reaction is, in most cases, critical. The hydroxyl in
system might have to be considered for economic water is more reactive than the hydroxyl groups
reasons, available in wood components. i.e.. hydrolysis is faster

than substitution. The most favorable condition is a
A gas reactant creates problems in handling as high reaction system in which the rate of reagent hydrolysis - .
pressure equipment is required. The )evel of chemical is relatively slow.
substitution is usually lower than liquid systems, and

- penetration of gaseous reagents can be very difficult. It is also important to keep the reaction system simple.
The best success, to date, of chemical systems is with Multicomponent systems that require complex
low boiling liquids that easily swell wood. If the boiling separation after reaction for chemical recovery should
point is too high, it is difficult to remove excess be avoided. The optimum would be for the reacting
reagent after treatment. It is generally true that the chemical to swell the wood structure and act as the S
lowest member of a homologous series is the most solvent as well.
react;ve and will have the lowest boiling point.

Almost all chemical reactions require a catalyst. With
Some chemicals react with a single hydroxyl group, wood as the reacting substrate, strong acid catalysts J
and the reaction is complete. Such is the case, for cannot be used as they cause extensive degradation. i
example, with methylation using methyl iodide. Other The most favorable catalyst from the standpoint of J
chemicals, in the course of reacting, form a new wood degradation is a weakly alkaline one, which is
hydroxyl group which reacts further. Epoxides react in also favored as in many cases these chemicals swell
this way. In other words, single-site substitution the wood structure and give better penetration (see
occurs in cases like methylation while polymer table 2). The catalyst used should be effective at low
formation from a single graft point occurs in cases like reaction temperatures, easily removed after reaction,
epoxidation. This will be discussed in detail later. nontoxic, and noncorrosive. In most cases, the organictertiary amines are best suited."

From the standpoint of industrial application of 
•

reagents for wood. toxicity. corrosivity, and cost are The reaction conditions must be mild enough that the
important factors for chemical selection. The reacted reacted wood still possesses the desirable properties
chemicals shr jld not be toxic or carcinogenic in the of wood: the strength must remain high, little or no
finished product, and the reactant itself should be as color change (unless a color change is desirable), good
nontoxic as possible in the treating stage. This is electrical insulation, not dangerous to handle. gluable,
somewhat difficult to achieve since chemicals that and paintable.
react easily to wood hydroxyl groups will also easily
react with blood and tissue hydroxyl-containing In summary, the chemicals to be used for chemical -
polymers. The reactants should be as noncorrosive as modification of wood must be capable of reacting with
possible to eliminate the need for special treating wood hydroxyls under neutral or mildly alkaline
equipment. In the laboratory experimental stagt, high conditions at temperatures below 1200 C. The
cost of chemicals is not a major consideration. For chemical system should be simple and capable of
commercialization of a process for the chemical swelling the wood structure to facilitate penetration.modification of wood, chemical cost is important.__

The complete molecule must react quickly with wood
Reaction Conditions components yielding stable chemical bonds, and the
There are certain experimental conditions that must be treated wood must still possess the desirable
considered before a reaction system is selected. The properties of untreated wood.
temperature required for complete reaction must be low
enough that it causes little or no wood degradation yet
the rate of reaction is relatively fast. A safe upper limit
is about 1200 C sirce little degradation occurs at this 9
temperature for a short period of time.
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Reactions with Wood The use of ethylene oxide gives a polyethylene oxide

polymer in the wood cell wall (Grinbergo 1974; Meyer

Several chemical systems have been explored for and Loos 1969; Nikitin and Rudneva 1935; Schuerch
chemical modification of wood. One reaction system 1968; Zimakov and Pokrovskil 1954). Ethylene oxide in
that meets the requirements set forth earlier is the trimethylamine is a gaseous reaction, because the
base-catalyzed reaction of alkylene oxides with compounds have boiling points of 10.70 C and 2.9 ° C,
hydroxyl groups. respectively. This system requires special equipment 0

to handle the liquefied gases. Polyethylene oxide
0 polymers have the disadvantage of being very water

OH soluble especially at low molecular weight (Brandrup
R-CH -CH, + HOR-----R-CH-CH-O-R' 16)

Cat.
OH Polymers from higher members of the 1.2-epoxide

The reaction is fast, complete, generates no homologous series are more hydrophobic than those of S
byproducts. forms stable ether bonds, and can be ethylene oxide and are much less soluble in water. The
catalyzed by avolatileorganic amine. After the initial monomers are liquids at room temperature which would

reaction, a new hydroxyl group originating from the eliminate the requirement for special gas-handling

epoxide is formed. From this new hydroxyl. a polymer equipment.

begins to form. Due to the ionic nature of the reaction
and the availability of hydroxyl ions in the wood
components, the chain length is probably short due to
chain transfer.

The reaction between polysaccharides and alkylene
oxides has been known for many years and has often
been cited in the literature. The application of this
reaction to wood research, however, is somewhat
limited.

McMillin (1963) treated hard maple blocks with ethylene

oxide catalyzed with trimethylamine in the vapor phase.

At 20 percent ovendry weight add-on of ethylene oxide,
there was a 60 percent reduction in the water swelling
of the treated wood. Using static bending tests,
McMillin observed no change in the strength of the
treated wood. In a French patent (Aktiebolag 1965),
with the same gaseous mixture, treatment of moist
wood (14.6 pct H20) to 24 percent ovendry weight add-
on is described. The treated wood showed reduced
swelling in water Barnes, Choong. and Mcllhenny
(1969) found that oscillating pressure during treatment
rather than maintaining constant pressure gave better
results. At weight add-ons of 11 to 12 percent, they
found a 42 percent antiswelling efficiency.

Liu and McMillin (1965) patented a process for treating ".
wood with both gaseous ethylene oxide and propylene
oxide Using a vapor phase system with either
trimethylamine or triethylamine as catalyst, they
treated Douglas fir, hard maple, and persimmon and -

obtained high levels of dimensional stability. Pihl and
Olsson (1968) treated pine and birch with
epichlorohydrin and dichlorohydrin with a
polyfunctional amine as catalyst and also found greatly
reduced swelling due to moisture changes in the
modified wood.

4•
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Experimental Design, Results,
and Discussion

Reaction Conditions Table 1.-Effect of temperature on propylene oxide
(PO).triethylamine (TEA) treatments of southern pine

Propylene oxide (P0) with a triethylamine, (TEA) (150 lb/en.) 95:5, v/v, P0/TEA
catalyst was used to modify a known treatable wood Weight
species to determine the optimum conditions for Temperature Timegain
treating wood. Southern pine (SP) sapwood blocks, C Hr
2 by 2 by 15 cm (all dimensions shown in this report are .
listed in the order radial by tangential by longitudinal), 120 3 50.9
were prepared from freshly cut green logs. All samples 100 3 45,5
were ovendried 1OD) at 105 ° C for 16 hours (hr). 80 3 6.3

120 1 32.5
The dry SP blocks were reacted in a stainless steel 110 1 28.0
reactor at 150 lbin.2 nitrogen pressure. The effects of 100 1 150
time. temperature, and ratio of epoxide to catalyst on
WPG to wood were observed. Table 2.-Effect of time on propylene oxide (PO)-triethylamine

(TEA) treatment of southern pine. 1200 C, 150 Iblin., 95:5, vlv,
The volumetric swelling coefficients for several PO/TEA " 4

epoxides, catalysts and solvents, were determined after
two different treating conditions: (1) heating an SP Time Weight
block. 2 by 2 by 0.6 cm, with each solution for 1 hr at percent gain
120' C. 150 lb/in. 2 nitrogen pressure, or (2) soaking an Hr
SP block. 2 by 2 by 0.6 cm, in each solution for 24 hr at
25' C. 0.25 9.8

.5 266
The block volume was determined by measuring 1 32.5
dimensions with a flat bed micrometer before each 2 39.4 4

treatment, and after heating or soaking with the 3 50.96 50.8 ""-
solutions. From these measurements the votumetric 15 61.8
swelling coefficients were determined. - ....

Ovendried SP blocks were treated with either PO,
butylene oxide (BO). or epichlorohydrin (EPI) with TEA Table 3.-Effect of propylene oxide/triethylamine (PO/TEA) I
(95.5/ v/v) as catalyst at 1200 C, 150 lb/in.2 for varying ratio on treatment. 1200 C, 3 hours, 150 lb/in.,
lengths of time. Volume of the specimens was .Weight
determined green before drying, after drying, and after P0 TEA PO/TEA pentgi
treatment with the epoxide-catalyst mixture to percent gain

determine the change in wood volume as a result of -- -Pct - - -

treatment.
20 80 1/4 20.4

Experiments varying temperature (table 1), reaction 50 50 !/1 44.5

time (table 2), and catalyst concentration (table 3 and 90 10 9/1 54.8

fig. 2) showed that 120C, 150 lb/in.2 with an 95 5 95/5 50.9
epoxide/catalyst ratio of 95:5 (v/v) for 30 to 60 minutes 97 3 97/3 40.0 S
(mim) were the optimum reaction conditions for the 99 1 99/1 36.6PC/TEA system. A reaction time of 2 to 4 hr under the

same conditions was optimum for BO.

The swelling coefficient for each separate reagent.
catalyst, and potential solvent was determined by ,..

soaking wood specimens at 1200 C under pressure and <
at 250 C (tables 4-6). Most of the amine catalysts 04o.- /..

iued swell wood. Triethylamine was selected as the
preferred catalyst (even though it does not swell wood) 3

because of its low boiling point for ease of removal 2 0 ]
after reaction. Many of the solvents tested swell wood
very well. If needed in a reaction system, however , "0.
many of these would react with the epoxide and could /

never be used Propylene oxide swells wood about Of

50 percent as much as water and BO somewhat less. TEAI O 31lOAO 50 %40 70M 80M 0 PO

This ability to swell wood allows the epoxides to react Figure 2 - Effect of propylene oxide/tricthylammne ratio on
without the need for a cosolvent. treatment of southern pine, 120' C. 150 fb'in . hr Mt51128)

5



Table 4.-Volumetric swelling coefficients (S) for southern Under the conditions used here, very little color change
pine sapwood in various reagents takes place on treatment. Southern pine treated with

S, Sonly PO shows no color change: treated with TEA,
S S alone, the wood turns to a dark straw color. The

Reagent 1200 C. 150 Ilin2" 1 hr 250 C, soaking combination of PO and TEA niives colors from light to
dark yellow. The greatest factor in the darkening of

VV 1t e, 10 0l 10.0 southern pine is in the vacuum heat treatment after
reaction. The amine degrades with heat to cause the.E 6,9c~,i ,9 wood to darken. Wood reacted with EPI/TEA takes on a

~ 'e ~5.2 50 light-orange color.

ce4 1 7 Table 7 shows the changes in volume of OD SP after
epoxide treatment. At a WPG of approximately 20, the

St X24 volume of the treated wood was equal to the green
aitj ' set at if' nthe, ,alues rela t!.5 to this value, volume. Above about 30 WPG. the volume of treated

wood was larger than that of the green wood.

To determine the permanence of the chemical
Table 5.-Volumetric swelling coefficients (S) for southern treatment, treated specimens were ground to pass a
pine sapwood in various catalysts 40 mesh screen and extracted with refluxing distilled

S, S. water and separate samples with refluxing benzene in a
CatalystSoxhlet extractor. The OD weight of the ground sample

Caalst 120' 0.,150 lb/in. 1 hr 25' C, soaking was determined before extraction, after 1 day of

Sw~i5155 15.2 extraction, and at the end of 7 days (table 8). Most ot
J < 13 3 0.0 the weight loss in modified wood is probably due to

-nrde12.8 12.5 urireacted epoxide that was not removed after reaction
P.'"11.3 13.1 in the vacuum recovery step. It is interesting to note

11.0 .5 the extent of weight loss in the control upon extended
100 1001 water extraction at reflux. After 8 days of Soxhlet

2.6 ay e du toslow hydrolysis of sugars in the wood.
bohteunmodified and modified wood show about

-troa• .5

Tab, 1-ut 2.1 th weight loss in 24 hr of water extraction:
however, in the next 7 days the control lost 13.4

pne sapoodvarioaues tadditional percent while the modified lost only
a _'P2.1 percent.

To determine the reproducibility of the chemical
Table 6.-Volumetric swelling coefficients (S) for southern treatments, SP specimens were treated separately with
pine sapwood in various solvents PoEA, B/TEA, and Po-EPI/TEA. Eight separate runs

of 24 specimens each were done with 1,900 milliliters
l) of P0, 100 ml of TEA, at 120 0C. 150 Ilin.2 for

Solvent 1200 C, 150 lb/in.2 , 1 hr 25' C, soaking 37 min. Four separte runs of 24 specimens each were
done with 1.900 ml of B0, 100 ml TEA at 120' C.

D~rnetarisukfovde 133 11 7 150 lb/in.2 for 4 hr. Three separate runs of 24
e,.torm 10 102 specimens each were done with 1,425 ml P0.

wood to 102 475 ml EPI. 100 ml TEA at 120' C. 150 lb/in.- for 37 m".
Mtny ceose xie 103 100
VJater 100 100
Methane. 90 9 3 After each of these runs, chemical was drained from
.4 Dioxane 6 5 6 the cylinder, and a vacuum applied for 1 hr while the
te'rahyd o uran 5 4 7 2 treating cylinder was cooling. All specimens were

Acetone 5 1 56 weighed following vacuum treatment. For each set of

woodoomthn was 3age thnta3fth re od

Methyl ethyl ketoe T 6 50 samples the mean WPG was determined and standard1

Ethyl acetate 2 4 4 2 deviations (SDl calculated. Table 9 shows that the
Cycioeoarne 21 5 mean for all 8 runs of 24 specimens each for PG was
4Methyi 2 rentanone 4 t 5 27.2 with an SD of 286. Standard deviations from 1.25

SX'ines 2 to 5.45 were observed indicating some variation in the S
Cycoexane I I treatment. Much less variation was observed in the B0
HeCanes 2 .2 runs. Four runs of 24 specimens each for 60 showed a
Value for Nater et at tt thur vdues rp at vP to this value, mean of 25.2 with an SD of 1.64

6S
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Method of Drying Table 8.-Soxhlet extraction of southern pine (40 mesh)

Percent lost after
The rate of water removal by vapor drying with various extraction for
benzene-type solvents was measured to determine the Specimen
effects ovendrying or a solvent drying system (Hudson 1 day 7 days' Total
1950) had on reactivity. A modified Barrett-type Pct -----
moisture test receiver was used as a vapor-drying
chamber. BENZENE

The content of wood extractives was determined by two Control 4 7 0.15 4.9
different solvent-extraction procedures. Southern pine
specimens. xylene-dried or ovendried, were ground to Propylene oxide.
pass a 40-mesh screen. Each specimen was extracted 38 weight percent gain 108 76 11,6

separately in a Soxhlet extractor with the following: WATER
1) benzene/ethanol, 2:1, volume per volume (v/v) for

4 hr, or 12) ether for 4 hr. Control 11.2 13.4 246

To determine the effect of type of drying on the Propylene oxide,
chemical reactivity of wood, 100 SP specimens were 38 weight percent gain 125 2 1 14 6
either OD or vapor-dried, then reacted with PO in TEA 'Additional loss
(95:5, v/v) at 120' C, 150 Ibtin 1. After ovendrying both

sets of treated specimens, the WPG was determined.
Fifty separate specimens of SP were prepared as
descrioed except they were reacted with Be/TEA Table 9.- Reproducibility of epoxide reactions with southern

(95:5, v/v) for 4 hr at 120' C, 150 Ib/in.. pine

Weight
The results n figure 3 show that the rate of water percent Standard
removal in SP by vapor drying increases with Chemical Run' gain deviation
increasing solvent boiling point up to about 150' C. At mean
this temperatre, the rate is no longer a function of
boii rg point but is controlled by the physical limitation Prop,,<ene o).ide I 22 74 325
of -ate, moving out of the o,,hood structure. If the cost II 2881 2 52
of the solvent and the rate of water removal are the lt 26 7f 342
factors considered. xylene is the most satisfactory of 1\ 27 59 389
tne solvents tried. V 34.39 125

v,'i 26 74 1.33 •
vi! 22 25 1.76

In the vapor-drying process, the aromatic solvent VIII 2806 5 .45

vapors pass over the wet wood and water vapor is Average 27 17 286
c':d'stilled with the solvent vapor. The mixture is then
cooled and. at the lower temperature. the immiscible Butylene oxide I 26.76 2.22
lipuids separate. The water is drained off. and the II 2664 1.38
aromatic solvent can then be recycled. 111 22 80 1.64

IV 24.63 1 30 .

Table 7.-Changes in volume of southern pine after treatment Average 2521 1.64
with alkylene oxides Propylene oxide-

Ovendry Ovendry Weight epichlorohydrin I 16 57 221
II 20 79 1 80

Compound Green volume volume percent 1ii 21 44 308
volume before after gain

Cm Average 1960 2 36
P.. , ,m,, ,.,vd' 5703 53.09 56.04 15.9 '24 specimens per run

B ., en. '. i - 59O0 5309 59.00 21.1

59.98 5604 5998 26 1

5900 5408 5998 341

5900 5506 6096 410

7
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100 - ~ Table 10.-Extractives of southern pine after vapor drying or
ovendrying

90. Extractives'
7 Sample

Benzenelethanol' Ether

80 W---- t. lass pcI----0-

Q~edrc15 19 4 25

701Va )x,r CIried 407 2 47
C / Bdr .eo t,,,~IT weiqrl ic ss before ar '*r extractio.

4) 60 9- //n ,i Iri t r

I ~~~Benzene, 80 C Y .'r 21r !e 4

Toluene, 111 *Cf
> 50Xylene. 144TC

o0 Cumnene. 152'C
E

Mesitilene 165'C
40 / vnre,15CTable 11 -~Weight percent gain IWPG) of vapor-dried and

ovendried southern pine
0

30 Reacton system Dyn ehd

Oven Vapor
WPG) (WPG)

2G r. 26 4

o0

4 5 6 7

Volume Changes in Wood -3s a
Result of Modification
Tt.e dimenion "' " 'rC) '

.. ii, a. Altt d f

IJ-r'- A L

P(,,
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c..K ~ hr k~c~ A ' 1.Table 12-Changes in volume of southern pine upon drying
or . iCtau~e 1,'i At and modification with propylene oxide

to tu'o 's e'~ -. ime twr-ore ttr A B B-A C Weight C-B C-A
(o-nt D Th .olume e, cinw on nr percent

e' tO trie Co~alC1LTod Volfi Ofw Green Ovendry B After treatment g a in B A
ta 1 I, ton ~ioco~volume volume .V ovendni volume V V

* *'' n ~r' '~'the all. but the o7' Cm Pc! c

!osts !o L~ icite MotAetlher or rot CI 92 533 55 .3 17

Dimensional Stability of Modified Wood 60 0 56 0 C~ 6k. 6 l

4 'oiil -0 a'er soaK m-ethod was developed to 590 5'41 83 609 34 1 J
j e'erf--'e voumrntiC swelling coefficient (), and

a"' K f'iciency (ASE'. Southern pi; blocks. 990 6~ 67 61 0 41 0 .97 3 3
!.2O 0. D6 -Fm. Dotri treated and untreated. were

Kt'relin distilled water and evacuated in a
~a...mdesiccator. Vacuum was continued for 30 min.

*released 'or 1 hr. reapplied for 30 min. then released for Table 13.-Volume changes in southern pine upon treatment
.24 r)'. Fresh distilled water was then added and this with epoxides0
,;r 3,Css repeated. After each 24 hr wet volume of the

Calculated volume:tim, was determined. This was continued for 7 days. Weight percent Increase in wood volume of chemical
Tire S and ASE were calculated. The samples were gain with treatment added'
lhf, 'esoaked for 7 days. volume was determined, and
then v ere reovendried followed by a final volume Cm, CM,
cietrmination Volumetric swelling coefficient is EPICHLOROHYDRIN
--alcuiated from.

14.9 4.26 4.42
S- (1 22 7 5,41 6 06

V. BUTYLENE OXIDE j>j
where

V2 wood volume after w:ic mth ,t25 3 6.88 6 88
Vt 1 wood , Ilume of ove.. --u(j ple hr 'ore An:ing, PROPYLENE OXIDE
and ASE is calculated from

26.5 7 05 7 54
S, -S~ 28.8 6.39 7.21

ASE S 12) 32.4 7 70 836
S.34 3 8.36 8.03where 36 2 8.85 9.01

*S2 treated volumetric swelling coefficient'Dniy10gmlfrD IN
S1 utreated volumetric swelling coefficient. Dniy1C lfr0 M

BthtpASE and S values are usually reported as

percent In that case. the ASE and S values from

Sufijern pine blocks 2 by 2 by 10 cm. were treated at
120 ' C. 150 1b in . nitrogen pressure with P0/TEA or
B0 TEA (95 5. v vi By varying the reaction time.
specimens with WNPGs of 4 to 45 were prepared for

I mepnsiona sfabilit determination.



Table 14.-Volumetric swelling coefticients (S) and antishrink efficiency (ASE) of moditied southern pine as determined by the
water-soaking method

WegtWeight Additional
Treatment percent St ASE' S' ASE Weight S; ASE' S ASE' weight

gain 1 13 loss ls
Pct Pct

Prop'rIne Uxide 0 15.8 - 158 -- 0.6 15.9 - 159 - 23

292 6.0 62.0 90 438 4,0 7 8 509 79 50 3 1 7

Bjt~ier'e uxje 0 136 - 12.4 - 5 124 - 129 2 24

267 3,5 74.3 55 556 1.6 50 59.7 5 4 48 1 30

2' U J3 0 io.5 5. n4,0 1.6 5.2 58. 1 5.6 56.6 26
. Vouetic s.--din coefficient determined from initial .vendry volume and first waterswolien voiumne. Equation it.

A.t "°t:cenc based on S. Equation 2).

Detern inec fun, farst oaterswohien volume and reovendrying.

* Basec!S

%eqtt oss4 based on tthe difference between initial ovendry weight and ovendry weight alter first water soaking.

Deer- rpe *rT-' reevendry c ,,me and second waterswolien volume.

S.

D 2' ",'..:(j,. ate-swiollen volume and second reovendrying.

Ba S,

.1 taI .jr~ t ioBs based on ovendry weight.

Tabie 14 shot~s the results of a repeated water wetting All specimens used in these soaking tests were 0.6 cm
test fcr determining dimensional stability. Propylene in the longitudinal direction, permitting easy access of

xide and BO specimens show an ASE of about 70 on the water into the interior of the specimens. This
the first wetting cycle Because of a small loss of insured rapid swelling and rate of leaching. All
chemical upon leaching. ASE drops during the second specimens had parallel sides and annual rings parallel
vetting cycle The ASE value calculated from the first to two faces. If the rings were not parallel to two

wvet volume to the second ovendry volume is almost faces. the specimens would have gone out of square
a Trays a lower value than any subsequent ASE values, during water swelling. Attempts to measure an out-of-
This is hgcause the new OD volume is smaller than square wet block with the flat bed micrometer
original OD volume because of leached chemical that introduce a very !arge error in volume measurements.
had bulked the original sample. Because of the slight
loss of chemical in the first water soak test in the Since determination of dimensional stability is based
calculation of ASE in the water leaching test. it is on a comparison between an untreated and a treated
recommended that the OD volume after the first water specimen, it is critical that the treated sample come

* leach be used for V, in equation (1t, and the from the same source as the control. The blocks can
waterswollen volume in the second wetting be used as serve as their own controls if they are subjected to a
V, This will give a more meaningful measurement of soaking-drying cycle prior to treatment. The S for SP

* the dimensional stability of a bonded treatment in springwood is 6 to 9, while summerwood is 17 tc 20.
iqid water. The average S for a sample will, therefore, depend on

the proportion of summerwood to springwood. If a
In almost all tests described for water swelling, a different control is used to compare with a treated
soaking time of 1 week is used Within 24 hr. the S is specimen and they differ in the percent of)
within experimental error of what it will be in 7 days summerwood. then the values obtained for the ASE are
(table 151 Soaking beyond 24 hr will not increase the nearly useless.
S. but it will influence the amount of material leached
out.

B :10 "
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Table 16 and figure 4 show the effects of chemical ec. .

loadings on the ASE. For PO, the maximum ASE
observed is about 60 while BO maximum ASE is over
70 percent at WPG between 21 to 33. The difference -

between these two may be due to the greater 60

hydrophobicity of BO and the difference in molecular
weight. Both treatments show a downward trend in i
ASE above 33 percent. e 5-

Specimens for photo micrographic study were cut from 40

modified or unmodified SP blncks, hand split in the 0

radial direction and mountea on circular 30-

(9-mm diameter) specimen holders with a mixture of D B UTYLMXDE I 4,

silver paint and cellulose acetate cement. The stub 20o1-0 PROPt E ,E

holders then were transferred to a high vacuum
evaporating unit and coated with approxinately 100 to
200 Angstroms (A) of gold. The specimens were ,
examined with a Cambridge Stereoscan Electron 0 - I I I I I I
Microscope at 20 kilovolts (kV). 0 5 10 5 20 25 30 35 40 45 5(

%r WT 40 ON

Additional specimens were infiltrated with celloiden to Figure 4.-Relationship between antishrink efficiency and 0
fill all cavities and interstices, thereby holding the chemical add-on due to epoxide modification. (M151131)
cellular components in place during sectioning and
free-hand cutting and splitting. This was done to
demonstrate that the effects observed were due to t -, The electron micrographs clearly show the effects of
chemical treatment and not to specimen preparation, high chemical add-on. Figure 5A shows a radial-split

specimen of unmodified SP. Shown in figure 5B is a
radial-split specimen of SP modified with PO to

Table 15.-Rate of water swelling of southern pine 29.5 WPG. The tracheid walls are intact, and no effects
Weight Volumetric swelling coefficient, S of the chemical added can be seen. In figure 5C, the

Treatment percent V s same type of specimen is shown except at 32.6 WPG:

gain 1 day 2 days 4 days 7 days checks are starting to form in the tracheid walls. In
figure 5D, at 45.3 WPG, the checks in the tracheid wall

Control 0 18•9 189 19.0 190 are very large. The splitting is always observed in the

0 15.8 15.8 15.8 15.8 tracheid wall, not in the intercellular spaces; in some
cases the splits go through the border pits.

Propylene oxide 29.2 6.1 6.1 6.0 6.0
_- Most of the checks occur in the summerwood portion

of the modified wood. The less dense springwood may
Table 16.-Antishrink efficiencies (ASE of modified southern be able to accommodate more chemical before the cell
pine as a function of weight percent gain (WPG) wall ruptures. It is also possible that there is less

Butylene oxide P-opene oxide chemical add-on in the springwood. If so, and since
the WPG is an average for the whole sample. the WPG

WPG ASE WPG ASE in the summerwood would be higher than 33 when cell
Pct Pct - wall rupture occurs.

36 160 - Only the epoxide treatments have been reported to add
7 1 22.0 - - to wood cell wall components to such a degree that

139 52 7 14.0 12.0 they cause the wood structure itself to break apart. All
- - 19.7 38.9 other reported chemical substitution treatments of

211 68.8 20.4 51.3 wood components add to wood up to about 35 WPG,
230 71 0 - - and no cell wall rupture has been observed. The
254 733 25.5 61.4
270 738 27,1 63.8 epoxide system seems to swell the cell wall, react with

- - 28.0 68.1 it, and continue to swell and react to the point of cell . "

- - 295 671 wall rupture and beyond.
- - 326 60.4

33.2 722 337 635 S
- - 339 57 7
- - 37.7 354
39.4 51.5 396 36 1
- - 453 151

11 S
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Distribution of Bonded Chemicals There is no direct way to determine thE degree of
chemical substitution with the PO and the BO

Ovendry SP sapwood was treated with PO-EPI (2:1, v/v) treatments. Reporting the chemical pickup as a WPG
with TEA as the catalyst (95:5, epoxide/TEA, vfv) at may be in error due to the possible extraction of some
120' C. 150 b/in.2 . Treated wood specimens were hemicelluloses and lignin during tne treatment. A
prepared varying the radial and tangential dimensions direct measurement of epoxide bonding is possible by
from 1.2 by 1 2 cm up to 5 by 5 cm. All specimens were chlorine analysis of EPI modified wood determined by
45 cm long with the grain parallel to one face. After x-ray fluorescence. Epichlorohydrin with a molecular

" treatment. each specimen was taken apart for analysis weight of 92.53 grams per mole (glmole) is 38.3 percent
as described in the following. For determining ASE. chlorine. With a ratio of PO-EPI of 1:1 (v/v), the ,- "
1.0 cm cross-sectional specimens were removed 10 cm relationship between .VPG and chlorine was calculated

*from one end and in the center of a sample block. On as (WPG/0.383)/2 = percent chlorine. This calculation
either side of these cross sections, additional 1.0 cm assumes equal amo. 's of PO and EPI, and the ratio is
samples were cut for chlorine analysis. The samples actually 1.12:1 on a mole/mole basis.
removed for chlorine analysis were cut in three equal
sections from the outside to the center. These were In one specimen in which the polymer weight gain was
analyzed for chlorine as outside. middle, and inner 6.14 g in 21.13 g of wood, the chlorine content was
samples. calculated at 11.1 percent. By x-ray fluorescence,

10.5 percent was found. In several other specimens.
Ail chlorine analyses were done by the X-ray the percent found was within 1 percent of the J
f fuorescence method Separate SP blocks, 3.7 by 3.7 by calculated chlorine content based on WPG.
75 cm. were prepared from freshly cut logs and OD.
Three types of samples were prepared: (a) sapwood Apparently there is some preferential reactivity with
with two to three annual rings per sample with each epichlorohydrin in samples in which mixtures of P0
ring comprised predominantly of springwood with very and EPI were used. For example, in a 1:1 sample
thin summerwood bands, (b) sapwood with 11 to 12 (PO/EPI, vv) at 24.1 WPG, the theoretical chlorine
annual rings per sample with 2- to 3-mm wide bands of content is 3.8 percent. Chlorine determined by
summerwood and nearly equal volumes of springwood: fluorescence gives 4.6 percent. Similarly, at a 2:1 ratio,
and (c) mxed heartwood and sapwood with 22 to 24 18.7 percent add-on calculated Cl 2.4, found 2.9: at 3:1,
annual rings per sample and equal volumes of 16.6 percent calculated Cl 1.6, found 2.8; at 3:1, 24.6
summerwood and springwood. percent calculated Cl 2.4, found 3.4: at 4:1, 27.7 percent

calculated Cl 2.1, found 3.5: and 8:1, 24.3 percent
These blocks were treatec ,vith equal amounts of P0 calculated Cl 1.0, found 3.1.
and EPI with TEA as the catalyst (95:5 epoxide/TEA.

Specimens with chemical WPGs of 6 to 36 were It was important to show that the chlorine was not lost
preparecl Dy varrg the reaction time. Some of the during the reaction. It has been shown that under 0
treated specimens were cut into sections of essentially strong alkaline condition, the chlorine is lost through
all summerwood or springwood. Volumetric swelling reepoxidation from the chlorohydrin (fig. 6). If the
coefficient and ASE were determined. chlorohydrin formed did undergo further reaction to the

epoxide, hydrochloric acid would be 'ormed as a
Separate pecmens 3.7 by 3.7 by 7.5 cm were treated byproduct. Under reaction conditions employed, no
witl, the PO-EPITEA system, reovendried, separated loss of chlorine was observed during reaction.
into s,-ringwood. summerwood. sapwood, and
heartwood and ground to Dass a 20-mesh screen Half
o tne specirlen was used to determine chlorine -OH
ci'ntert by x-ray fluorescence: the remainder was CI-C-C-C+ROH -'-CI-C-C-C-OR
* xtrarted with benzene for 2 hr in a Soxhlet extractor. \ /
o,,ned and the chlorine content determined. 0 OH

* chlorohydrin

OH]

ROH i• H
RO-C-C-C-OR- ----- C-C-C-OR " -iI -OH \ -

OH 0

crosslinking epoxide + HCI

it, Reaction 
1  

,p.. h ri i I ,, p , w , '

*, - .• _ .• , . . ... : , -..3



Table 17.-Chlorine distribution and antishrink efficiency of propylene oxlde/eplchlorohydrln (2:1, vlv) treated southern pine

Chlorine n-"rkWeight _ _Antishrink ..": .

Sample percent Theo- End Center efficiency
size percnt Theo- -- _ _ - -_j__gain retical Outside Middle Inside Outside Middle Inside End' Center'

Cm-------------------- - Pct---- ----------------

1.2 by 12 28.8 3.7 - 4.5 - - 4.5 - 65 65

2.5 by 2.5 24.8 3.2 5.34 5.21 5.40 5.83 5.41 5.36 70 69

3 7 by 3 7 20.9 2.7 4.05 3.90 3.75 4.15 3.70 3.30 49 49
S

5 by 5 28.1 36 4.20 4.15 4.40 4.30 4.15 4.15 62 59

210 cm from sample end.

22.5 cm from sample end.

In the EPI-treated specimens, the chlorine was A final observation from table 17 is that in some cases
confirmed to be in the cel wall by energy-dispersive the chlorine content of the inner layer is greater than in
analysis of x-ray spectra generated in the scanning the middle layer. This may be due to the high
electron microscope. The greatest percentage of exothermic heat generated by the EPI reaction that
chlorine is in the S, layer, which is the thickest cell creates a hot spot in the center of the wood due to
wu," component and contains the most cellulose, poor heat transfer. This will result in a faster reaction

rate in that zone and will apply especially to the larger
The distribution of chlorine as a function of wood samples with high end grain penetration of EPI. These
thickness was determined on wood specimens varying hot spots were observed in 5- by 10-cm samples treated
the radial and tangential dimersions from 1.2 by 1.2 cm with pure EPI or a 1 to 1 (v/v) mixture of EPI and P0. In

up to 5 by 5 cm as described previously. Table 17 these specimens, the heat of reaction caused charring
shows little difference in chlorine concentration in the center, and in some cases, the entire specimen
between outside, middle, ind inner (fig. 7) samples: was carbonized. This has not been observed in either
however, a slignt chemical concentration difference PO or BO treatments in samples up to 7.5 by 7.5 cm.
between the outside layer and the inner layer occurs in
the 3 7-cm sample. Table 17 also shows little
difference in ASE values even in the 5- by 5-cm
samples The ASE for both the end sample and the
center sample are lower than expected for the WPG.
From tests to date. a sample with 28 WPG should have
an ASE of 65 to 70.

The data here are not conclusive because, although the
chl,)rine concentration is very low in the 5- by 5-cm
in ner sample, the ASE of that same sample is not . ..

lowered to the same degree. Tikis could mean that in
the EPI-PO mixture the P0 is preferentially penetrating.
This would give a higher ASE value than the 'hlorine
analysis would predict. These results indicate that EPI Center
does not penetrate wood deeper than 2 cm (the center , -

of a 3.7- by 3.7-cm sample). but that PO does. L_ ~ ~ ~ ~ 4 cmJI ' 22 5 c

The chlorine content found is higher than the 0 2
theoretical content based on a dilution factor of 2 to 1 10cm
thable 17. There is apreferentia rea tivity of the EPI.

This may also explain why the chlorine content
decreases as the thickness increases.

Figure 7 -Scheme for removing sections of southern pine for
chlorine analysis and antishrnk efficiency determinations
(Samples I. inner: M. middle and 0, outer) (M151129)

14 _



Seprat S spcimnswere moiidwith tePO/EPI Table 19.-Four chracteitic of summerwood and

system (table 18) to determine the distribution of spring wood of southern pine treated with propylene oxide
chlorine in springwood, sumnmerwood, sapwood, and

*heartwood. For untreated SP sumnmerwood from Weight Volumetric Antishrinkswelling
sample B, S was more than twice that of springwood Samples Density percent coeff icients eff iciency
from sample A (table 19). This was due to the gain (S) (ASE)
differences in density of the two sections (1, 2, 16). _

* Sample B, which was over half summerwood, achieved
a WPG of 20.1 after 2 hr of treatment (table 18). At this Springwood (A) 0.33 0 7.8
same treatment time, sample A, which had a high
springwood content, was treated to a WPG of 35.9. 24.2 2.1 73.1

* This indicated that it was much easier to treat
springwood than summerwood. The sumnmerwood 33.5 1.6 79.5
sample with a WPG of 20.9 split in the radial direction
during treatment. Table 19 also shows that the treated Summerwood (B) .70 0 18.8 -0

sum.merwood had an S of 7.4. Even though this
represents an ASE of 60.7 compared with unreacted 7.4____60.7

sumnmerwood, it still indicates a swelling equivalent to
that of untreated springwood. This means that

* ~chemicals used to control swelling must effectivelyTal20Choiedtrntonnsuhrnpetetd
react with the summerwood, for this is the largest Thbl propylne xdeei tioohyd sontrieine (sapesd)
contributor to the swelling of wood. wt rpln xd-pcirhdiirehlmn smlsA

W h .-. •--

Table 20 shows the reactions of the PO-EPITEA system Chlorine percent Percent
on SP which was mainly springwood (sample A). At the Isltd Weight based on Chlorine gain weight
lower weight gain, the amounts of chlorine found were sectio an peren ight found based on loss on-

chlorine igainrnpercentsuchlorine extraction

greater in all samples than the theoretical amounts gain oruned exrin

calculated based on EPI. This preferential reaction g-------
does not seem to occur at the high WPG. 2,-1) -- PC/ -Pct-

In the A samples (table 20), summerwood bands were
so thin they were not easily separable from E - 4.57 23.9 49
springwood. For this reason, the data in table 20 are
for isolated springwood bands and for eat
sumnmerwood/springwood mixtures in ratios of 1:1 to 5IpN .8 2.
1:3. Even in these sumrmerwood/springwood mixtures, E - - 4.40 23.0 4.0 -

there is a lower chlorine content.

Sp NE 27.0 5.18 6.02 31.4 -

Table 1S.-Reaction of southern pine with propylene oxide- E - - 5.01 26.2 2.5
epichlorohydrin/triethylamine (1200 C, 150 lblin.1)

s o a f E tSu/tp NE - - 5.30 27.7 -

Weight percent gain2.7 2.9 2.8
Reaction time E e that

Sample A -Sample B Sample C

MmSp NE 35.9 6.89 6.88 35.9 -

25 19.6 6.7 13.3 E - - 6.11 31.9 6.9

38 23.4 11.2 16.9 Su/Sp NE - - 6.12 32.0 -

45 27.0 15.9 19.4 E - - 50 65 5

-Elh - -5.8-65 .

60 27.3 18.6 23.2 Sp. springwood; Su, simmerwood, E, extracted with benzene.
NE, no extraction.

120 35.9 20.1 29.8

15
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Table 21.-Chlorine determination on southern pine treated Table 22.-Chlorine determination on southern pine treated
with propylene oxide-epichlorohydrin/triethylamine (samples B) with propylene oxide-epichlorohydrinltriethylamlne (samples C)

Chlorine Weight Chlorine Weight

Weight based on percent Percent percent Percent
Isolated perent weight Chlorine gain weight Isolated percent weight Chlorine gain weight
sections g per et found based on loss on sections' percent found based on loss ongain percent chlorine extraction gain t chlorine extraction 0

gain found gain found

--- Pct ....- Pct-- Pct ....- Pct-

SLN NE 6 1 28 333 17.4 - S NE 13.3 2.55 3.29 17.2 -

E 3.65 19.1 3.9 E - 3.17 16.6 1.5

Su NE .1.46 7.6 - H NE - - 4.54 23.7 -

E- 134 7.0 1.4 E- 3.33 17.4 4.3

Sp NE 18 6 3 57 6 12 320 - S NE 19.4 3.72 4.89 25.5 -

E - 5.42 283 2.9 E - - 3.87 20.2 1.7

Su NE 4 20 21.9 - H NE - - 4.84 25.3 -

E - 29 17.2 15 E - - 2.85 14.9 4.9

, NE Y 3 5 56 29 1 - S NE 23.2 4.45 5.02 26.2 -

5 33 2' 2.4 E - - 400 20.9 1.4

S, hE 400 209 - H NE - - 563 29.4 -

3 i c¢ i 8 1 5 E .... 335 175 5.2
...... ". , ... erod E extracted ,vithr be'zene.

S NE 29.8 571 5.53 28.9 -

E - - 3 78 19.7 2.3

H NE - - 5.66 29.6 -

E - 3.44 180 6 0
'S, sapwood. H. heartwood. E, extracted with benzene. NE. no

extraction.

..0 '.
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The B samples (table 21) were fromn sapwood that had 0
about equal amounts of summerwood and springwood CHfMiCAL. SYtiTLil OF 'POXiDIE, R CH CH",
Here the bands were wide enough that good separation
was possiblJe The data in table 21 clearly show
preferential reactivity in the springwood. At a WPG of -cc i 1, 12 -eOxY- 3.3 3- tr.chlropropmre

6 7. ovei 100 percent more reacted chemical was in the
springwood and, at a WPG of 20. 1. there was -HCI ,-erx rclrbln

40 percent more reacted in springwood than in HcHcc iOy-?,3erwe0

summerwood. Almost twice as much weight loss on 1,~,2- ePOXVyeri~zem

benzene extraction was observed in the springwood as
in the summerwood CH, - -Vcl Dchcor~i~yi~' .3-epoypoly ethef

Part of the explanation why springwood contains mcre (
bound chemical than summerwood May be founii in a
consideration of the dis5tribution of reacting chemnical r20 rrtF
Nlthin the wood The void volume or the wood giv4es an
indication of the vacant :space N.ithin the wood that the

entering chemical can occupy The greater the void % '.A I )X~
volume the greater (ll be the amount of Chemical thatJ
can be contained by the wood Assuming the voids are
evenly distributedi and totally accessible to th-e H . 24

* ~Chemical, the greater the void volume, the greater will.
be the content of reacting chemical within a unitHC 7, eL ,itn
qua -itty of wood The relative void volume of ovendried - T?~~~' . .

SP as given before is 0 77 cr' voids'cml or 2 3 cmlg0
'or sprinqwood and 0.52 cm!Crn1 or 0.-'4 cml/g for Hi-.0 ., ,4rrndoJQ OCiC

surnmenvvood This means that there is 1 5 tines more.
void ,uo'rne ,i springwood than in summerwood on a 7 4
total v-,lunme basis On a weight basis, springwood has Fgmv-C&ri'.2icu"j it'tOd

3 1 times more void volume per gram than0
sumi-nerwood These void spaces would allow a greatef
co~itent of chemnical within the springwood. With the R CH CH. Vt1,5132
t-i nner. more easily penetrated springNood wall, it
o .ou'd he expected that mroe reaction would jccur Table 23 shows that 1 2-epoxyethylbenzerne reacts TUorf

The differences in chemical pickup in SP modified wlti slowly wNith wood than either BO, P0 or EPI After 6 t
* t6 hr of reaction with 1 2-epoxyetfrylbenzeneI EA yo

the PO EPI TEA system sho~ved greater uptake in dirlenrsiohal stability was achieved with very lttle lU
* heart-woo- before benzene ext racti en (table 221. of bonded chemical after two water soak tests

Ho -vever. almost three times as much weight loss was t-Aliyloxy 2.3-epox ypropane also reacted wedl wilth
observed after extraction of the heartwood samples wood, giving good nonleachable weight gains and

thbenzene After extraction, the amount of moderately high ASE values 1.4-Bujtanedi0 i cgivr.i
n nleachable chemical ohs ervedl in the heartwood was ether and t .2:3.4-diepoxvb itane gave high nion% eahIre

rkvwer than in sapwood In aii samples except in the weigh~t qains but no dimeris nmai stat-,00t, Th , irutj&S
0 ,voes" .,eigrit percent guin san ,ple. Obviously then that tthese two epoxides puiymerized ,n the ctili jnie

cadi in us* he taker, ini ii-t' etinq the results 0~ ani dlid ni moacf wNith hydnrc~xy trft~ i the C.1 Ad I
CheMZA rJ~ iiikU'e in spcir- s m~th .igni ficant c xti oc-tiyes p Chierophenyl 2.3-epoxy; ri flI et tier 3lebjon vo-t P I

( n0'-',x.it)itycloheotant, a0,,1 2 7' 8 dilpr, yo 0- 'o 1 1 k

.- r. .ve'l Atith ,vn Mtm t(OVT :t,

E Epoxides Reacted '.i ur-sno2o"'..A. I' .

fip js e,~ ami )i jr.-r '"a,- Pri. 8O ,irilhe b t.;ecoi rtWIf(n A , 2.Yr n ')i

P1 Sf ut'-to or in, Sutr1r,1 n 1t.1 A d 11'u ii .If 11" , , , i

,~~A I' ..
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Table 23.-Properties of modified southern pine

Weight Weight
Chemical Reaction 0et percent

time percent $oASE I  ASE' ecet.gain 1a2ngain 0gain retained'

M mn- - - - Pct -. -

v,;,,,, n ererie 60 7 0.4 0 2 3
240 10 2.6 22 19 9
390 26 9.3 66 63 25
450 23 9.4 66 66 21 -I

1.080 30 120 78 76 27

I j 15 4 1.5 15 8 0

25 17 10.2 48 37 14
45 20 7.5 48 45 18
60 26 9 5 56 41 19
120 32 11.0 59 56 29

*. . ; 15 8 8 2 0 6
20 7 12 5 0 4
25 16 2 1 14 15 7
27 23 5 0 19 7 9
30 39 28 3 0 37

'' 4 9 2 4 1
60 19 44 36 27 11
120 14 1.6 4 0 12
240 20 8 7 2 17
460 14 1.4 12 10 11•

30 3 9 5 0 0
60 4 1 1 6 0 0

300 17 4.0 31 15 9
450 17 4.9 24 10 11

I)8C 12 1 3 9 3 4

15 16 1 8 23 13 9
22 8 25 0 0 4
2' d 38 5 0 1
.10 37 4 5 22 21 35
be 64 1 7 8 0 61

9 66 24 11 3
6() 17 3 5 22 18 12
6(0 11 3 6 22 10 8

24u 20 76 41 33 14

I . '.,1 d I e Ijjfir ig in ,)od after solvent extractio and ovendrying

' , ,. tf ( in par' d t ) untreated wood in first 7 (lay snak

A , 0 1 /'rer cuomared to untreated wood after second 7 (Jay soal,

,. ,t. a, , dk 1,(,dk o ,d ; is (J or' weiqht )f untreated ovendiy wood

. . . .. ....

S
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Wood Species Modified Table 24-Wood species treated at 1200C,epoxide/trlethylamlne (95:5, vlv) 150 lb/In.'

Thirteen different species of wood (table 24), 2 by 2 by Weight

15 cm, were treated with either PO or BO with TEA as Treat- eiht A

catalyst (95:5, v/v) at 120 C, 150 lb/in.2. Weight percent Species ment' Time percent ASE'

gain was determined on an OD basis before and after gain

treatment. ASE was determined from a single water Min

soak test. Red oak PO 30 21.8 0
PO 40 25.6 2.1

It can be seen in table 24 that many species will react
under the conditions used. Most species tested gave Hard maple PO 35 27.3 41.1
weight gains similar to SP and showed equivalent BO 60 18 52.2
dimensional stability resulting from the modification. BO 180 32 61.0
Of the species tested there were two which gave T
unexpected results. Both red oak and teak reacted Teak P0 30 20.5 0
with the PO and BO systems but neither resulted in any PO 60 20.7 0

dimensional stability. Teak is very high in extractives Walnut PO 3 26.2 46
that may interfere with the reaction. This may give rise BO 240 28.3 53
to nonbonded homopolymer in lumens and no reaction
in cell wall. Oak, on the other hand, is low in Elm PO 40 28.2 46.3
extractives so that the weight gains shol,!d be cell wall --
bonded chemical. Cativo PO 40 29.7 42.2 0

BO 240 22.8 64.2
It is easy to generalize on the type of wood that can be Persimmon B3 180 22 -

modified and extrapolate information to an untried 80 240 33 -
species with the rationale that if it worked on one it
will work on the other. The data collected so far would Eucalyptus obligva B0 240 22 46.4
indicate that this is a dangerous assumption. The
parameters of chemical modification as they relate to Radiata pine (sapwood) PO 40 34.2 67.3 0
species differences are not known at this time. Each (heartwood) PO 40 32.1 52.3
species must be tested separately without any I
assumptions on treatability. Southern pine (sapwood) PO 40 35.5 68.3

(heartwood) P0 40 24.6 59.7

Effects of Moisture on Epoxide Reactions Ponderosa pine PO 40 26.9 36.5

One of the greatest concerns in considering chemical Douglas-fir 80 300 20.7 -

modification as a viable commercial process is how dry BO 360 24.6 -

the wood must be before the reaction chemicals come Spruce P0 40 32.6 -
into contact with the wood. Since the epoxides react 80 360 30.4 -
with any hydroxyl group, the hydroxyl group in water -- poynoie;B--uyn oie
will also react. This would result in glycol formation 'P0-propylene oxide; BO-butylene oxide.
from the reaction of epoxide with water. The epoxide 2Antishrink efficiency after one water soak.
would then be lost for bonding to wood. It is not :
possible or practical to dry wood to zero percent
moisture, so it was important to determine the effects
of low levels of moisture in wood on reactivity and
resulting properties with the PO and BO systems.

0
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Table 25.-Repeated reactions of propylene oxide with ovendried and moist ponderosa pine

Dimensional Stability

270 C, 90 percent
Equilibrium relative humidity Extraction

moisture of 20-mesh Weight gain .-

Specimen Content Weight Water soak Equilibrium sample with remaining Wood weight
when percent --- moisture benzene:EtOH after loss 14 days

treated gain ASE, ASE, ASE, content weight loss extraction at 1050 C
-------- - ------ ------ ------ ----- -- Pct------- ------ - - -- -- -- -- -- -- -- --

1-0 PO --0 OD 26.0 52.8 11.1 3.8 20.2 - -4.1

2-0-PO '-0 00 38.0 67.7 34.3 96.6 20.5 13.4 19.4 5.1
3-0CPO --0 OD 39.0 57.0 22.0 - - - - 5.2
4-0-PG '-0 OD 38.4 64.0 34.3 - -13.3 20.1 5.3
5 50-PG '-0 OD 31.9 61.0 25.1 - - - - 5.1
6-0-PG --0 1__D 32.7 62.7 29.8 264 20.4 14.2 13.8 5.1
7.0-PC --0 OD 40.4 68.8 42.0 - - - - 5.4
6-0-PG -0 OD 33.3 60.8 12.6 32.1 20.2 14.5 14.0 5.3
9-0-PG --0 OD 40.3 59.3 20.3 77.4 19.1 - - 5.3

10-U-PO -0 OD 320O 58.2 13.8 17.0 20.4 15.4 11.8 49

1 15-PC 5,6 47 4 88.1 29.3 0.0 21.6 28.3 5.8 16.5
2 5-Pu 5.7 54.1 76.4 18.5 77.4 26.1 26.5 13.3 15 5
.3 5-PG 5 5 52.0 83.4 24.4 - - 27.2 10.7 16.4
4!)PC, 5.5 53 2 84.5 33.4 - - 29.4 8.2 16.6

5 PO 5 17 53.2 79.6 23.7 64.2 28.1 28.5 9.5 16.9

I13 PC leU6 59 0 85.6 16.5 79.2 34.5 35.6 2.5 20.2
Z 0PO 1-0.0 496 88 1 0 77.4 32.3 31.1 3.1 19.8

1,,PC- 106 611 87,0 24.1 83.0 34.3 33.7 6.9 20.4
49,5 80.6 2.71 3.531.6 2.3 16.3

3- 100o 39.3 723 0 64.2 28.0 25.1 4,3 14.0

19.4 3.9

'-r~~"-o tPP) .peimnens, 2 by 8 by A 10-mI sample of each treating solution was collected
'3--o-1Twe nty v.ere ovendried. 10 at the end of each run and submitted for gas

1a-t 30 ecntraivhum'idity (RH) chromatographic analysis. The gas chromatograph
j- * g.-u. 'raterj at 65 -,ercent PH. was a Varian 3700 with a thermal conductivity detector.

eI - ~r were usec 'o ion a series of A helium carrier was used with a 400-cm by 2-mm
O Iw r-c GD samf~ple was column packed with 60/80-mesh Porapak OS. Starting

*r, nm PGITEA or 13GTEA temperature was 750 C. program temperature rise of
'5 r- A! the P-r'! o~f this 4' C/mmn to a final temperature of 2300 C. The ratio of

- nO n *vas trnatlei with the epoxide to TEA was determined along with percent
;-l", f--- f; i-dde back Up 1o 1,500 ml with water and volatile unknowns. The percentage of -

-~-- n ~-TEA m I, iije approximately 200 1') This butylene glycol was also determined on the BO .

r-la , f -:- a total of 10 runs ior th.- samnples.
(33 t.)' n' -s. ns ecich for tf specrm i;

* -!e(; i'r 3-0 pr(ert RH .3nd 65 oercenit RH
It can be seen in tables 25 and 26 that 10 runs of PG or

-. -aoh -min was GD for 14 days at BO at zero percent wood moisture gave consistent
a ~jr ,s~s determined. Ear~h sptcimen results. The ASE values for PO go from 58 to

,..~ v - c-0 ASE dsetermined in hceth the water 70 percent in the first soak cycle to 11 to 42 perc;ent on
ci i.t~ t , 90 r rcent RH at 27' C. A portion the second water cycle. The ASE values for BC are

-h m--was ground to pass a 20-mesh higher than PO on the first soak cycle and do not drop
f- -,tr .r_- 0rf -.'' h ret uxing b)enzerreiethy! alcohol as much on the second. Part of the weight gain is lost

, r 'ar-1 -r(,t ;nl loss determined on continuous ovendrying and through extraction.

2f



Table 26.-Repeated reactions of butylene oxide with ovendried and moist ponderosa pine

Dimensional Stability

270 C, 90 percent * .
Equilibrium relative humidity Extraction
moisture of 20-mesh Weight gain

specimen Content Weight Water soak Equilibrium sample with remaining Wood weight0
when percent moisture benzene:EtOH alter loss 14 days

treated gain ASE, ASE, ASE, Content weight loss extraction at 1050 C
- - - - - - - - PCt - - - - - - - - - - - - - - - - - - - - - - - -

1-0-BO -0 CD 336 692 58.7 60.4 12.9 --- 5.1
2-0-BC -0 CD 263 68.1 565 -- - 13.7 9.0 4.2
300 -0OD 33,1 68 1 59 1 - - 0
4-0 BC -00OD 23 4 39,9 25 5 00 14.5 15.4 4.5 4.1
50O-80 -000O 29 7 57.2 429 - - -5.9

6-0-B0 '0 CD 38.C 75.4 65,2 - -- 184 12.6 6.1
7-0-BC -0OD 21 2 58.2 52,8 37 7 143 - - 30
8-060 'C OD 32.7 75.5 58 1 - - 16.2 11.2 4 1
9-0-BC -0 OD 296 702 59.8 41.5 14 7 - - 5.0

10-0 --0 CD 364 75.4 688 - -- 17.3 13.2 5.4

5-8C 49 50 7 91 8 497 66.0 14.4 34.8 - 1.7 14.60

2-5-BC 5.1 526 91.9 46.6 94.0 14.3 33.1 2.1 15.7
3-5 BC55 71 8 100.0 62.0 77.4 14.4 38.1 6.3 18.5

4 C5.4 65.6 100.0 66.2 - -36.5 531.
5 5-BC 70.8 96.4 57.5 73.6 14.8 38.1 5.7 20.0

i 10 BC 10.5 69.7 98,8 500 - -39.7 2.4 24.4
2-10-BO 104 77.8 97.6 53.5 - - 43.6 3 25 7
3-11, BC 9.8 77 3 93.0 43.7 58.5 16.5 43.7 - 2 259
4 'COBC 103 91.1 100.0 579 88 7 17.7 47.2 .8 27 8

. ! B 10.0 68.3 90.8 35.2 67.9 16.4 394 1.9 24 3

Ave'age
* i-~i-.19.4 3.9

A, Lcith 5 aqcd 10 percent moisture levels PC-modified Little difference in specimen properties was observed
* .~.jd ,oecimnens (table 251 show high initial on repeated use of the treating solution. The effects of

lirrnpnsirona stability but very little in a second soak the moisture are seen in the firs', specimen treated, arid
i_- T,,i i 'dino coupled with the high amount of suibsequent treatments do rot compound the efte'.ts ot
-- n-ta lost to both extraction in benzeneethanol and accumnulatedl moisture.

)',i5ovenorying would idicate :that cell wall
* t',1~ihas tak~en pace but ;it',le or no bcnding. Gas cliromatographic examination of the treatinn

S suits Acere obtained with BC0-modified vood Solutions (tables 27 and 281 also shows no buildlup Of

t~t-:, 26 except there ts not as miuch drop in -Aafer in reusing the solutions up to five times on moist -

Ii, s )nal .,*-bihty in continuous soak cycles. sppecimens. With the BC solutions there is an
~icreac-rug amount Gf butylene glycol as the treating --

I nterestino to nate that a control specimen soiur!on is reijsed. showing that some of the BC is
Cd r3 a* 27 C. 90 percent RH has a rmoisture hydIrolyzed to the glycol.

* ~ t 19.4 l1ierceft while BC-modified wood has a
5 hhf- rit kD,-;er iverage moisture 117 pc'l. Prot-Menri

--i i,)difi~d somh,,ins cn the other hand have arn
ai t ure, conteit of over .32 per cent This

i 'ivt tat !h' PO-modfifed ,wood i,a,
it opc hiie thr BC-modified .vood i
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Table 27--Gas chromatographic analysis of propylene Table 28.--Gas chromatographic analysis of butylene
oxide/triethylamine solutions used to treat ponderosa pine oxide/triethylamine solution used to treat ponderosa pine

Propylene Butylene
Specimen No. oxide/ Water Volatile Total Specimen oxide/ Butylene Water Volatile Total

triethylamine unknown No. triethylamine glycol unknown
ratio ratio

PCt------ Pct -- - ----

1 0-PO 21 4 0.03 0.04 92.04 1-0-BO 22.1 0.035 0.028 0.337 93.59
2.0-PO 21.5 04 .06 92.67 2-0-BO 19.1 .075 .029 .313 94.59
3-9 PO 2C 5 .05 22 93.42 3-0-BO 179 .0719 .233 .606 94.08
4 0-PO 198 22 1 62 97.52 4-0-BO 15.8 .074 .119 .396 93.28
5.0-PO 196 09 18 96.04 5-0-BO 15.0 .097 .130 360 91.90
i G-PO 189 04 .13 92.08 6-0-BO 14.0 .128 .344 .371 90.78
0 PC '96 .17 14 9063 7-0-BO 15.2 .015 .096 .485 84.89 0
PO 190 08 13 9106 8-0-BO 15.5 .125 179 .454 89.68

J 0-PO 18.1 06 31 91.38 9-0-BO 16.4 .112 125 295 90.31
D 0-CPO 167 .15 .23 84.44 10-0-BO 16.3 125 .181 .335 90.06

1 5-PO 17 5 .09 .07 88.73 1-5-BO 21.0 .023 .259 .224 95.65
2 5-PC 19.3 18 16 82.63 2-5-BO 21.3 .046 969 .175 91.98
3 5-PO 192 .11 06 7784 3-5-BO 22.1 .060 .071 .232 85.39
4 5-PO 201 12 06 76.67 4-5-BO 21.3 .073 .448 .431 81.75
55.PO 206 08 03 68.44 5-5-BO 22.5 .076 .629 .346 78.52

1 10 PO 23.4 .23 .85 9007 1-10-BC 21.6 .015 .113 .385 89.94
2 10-PO 23.9 08 07 78.07 2-10-BO 22.3 .038 .099 .388 80.80
3 10-PO 24 1 08 .05 71.16 3-10-BO 22.7 .045 091 .267 73.79
4 10 PO 21 2 .17 .11 60.32 4-10-BO 21.3 .023 .093 .276 67.08
5-10 PO 23.7 3A .54 50.53 5-10-BO 24.4 .043 .055 .334 58.70

S! t ng Starting
r;jtlion 19 0 0 solution 19.0

A starting ratio of PO/TEA or BO/TEA is 95:5, v/v, or 19. Decay and Termite Tests
After one treatment of wood at zero percent moisture

the ratio is up to 21 to 22 for both PO and BO, and then Laboratory- Decay. 0
decreases with subsequent runs to 15 to 16. This Standard soil-block tests were run according to
means that the epoxide is removed and TEA is
increasing as new 95:5 mix is added to make up the specifications as outlined in the American Society for
volume for the next run. When moisture is present in Testing and Materials (ASTM) D 1413 (1973). Southern

pine blocks, 2 by 2 by 2 cm, untreated or modified with
the wood, the ratio of epoxide/TEA increases PO, BO, EPI, or styrene oxide were placed in test with
somewhat. either the fungus Madison 534 (Lentinus lepideus),

Madison 617 (Gloeophyllum trabeum), or Madison 697
There is very little change in the amount of unknown (Coriolus versicolor). Specimens were removed at
volatile material in the solutions, however, the total 6 and 12 weeks, and the extent of decay was
accountable materials decreases significantly with
continuous solution use. This means that nonvolatile determined as OD weight loss.

homopolymers are being formed. These homopolymers Separate samples were leached for 7 days with distilled
will not react with wood and therefore do not end up as water before being placed in test.
bonded cell wall chemical. If polymer is formed in the
cell wall and if the wood does not come into direct
contact with liquid water, then the polymer would act
as a nonbonded cell wall bulking agent and could
provide a high degree of dimensional stability.

* 22

" . °-"



*It can be seen in table 29 that P0-modified SP is Table 29.-Soil-block tests on propylene oxide treated
*resistant to attack by Lentinus Iepideus at WPG of 24 southern pine inoculateu with Lentinus lepideus

This bro\&n-rot fungus is not as destructive to SP as is Percent weight loss
Gloeophyluum trabeorm. Table -30 shows that PO- Weight percent gainI
modified SP is not very resistant to attack by 6 weeks 12 weeks/ oeoprryllurn trateum even at high WVPG. Butyiene
oxide and EPI modified wood is resistant to attack at 2 3 .1 2
WVPG over about 23. Very iittle wveicqnt oss oc urs Alit 5 17
tne white-rot fungus Corio/us versico-o' even in co cco
specimens Both PO- and BO-mr'odified %ood s 46

'esistant to attack by this fungus at . i'a "s
ab ove 20 percent (table 31) 36 26 46

Results from soil-block te-sts o, each-- 1 3~

,tiat effect eness of bonded 80 %-.. . . . . . . Sf j 17 5, 3
_16strate modification and nout
cnhemcai. 'fthO cndec enoxJ - . -

fujngus, decay resist3 irie Aoildr ---

m ucn lower \VPG. Resistance 'able 3C -Soilblock tests on epoxide-moditied southern pine
G'oeono-nrum frabeurn of SP ry ncltd ihte ugsGlepylu rbu
,entachlorophencil are showno irncltdwthtefnu .eohlu rb

essentially stopped at abcut -4-------------------------Percent weight loss after
evel recuired for pentacrlc-cv-,- Weight
ID S V"PG Thie curve'rcna'- Specimen percent Nonleached Leached
sno.ws "')at effect a hcl.I -v gain

6 weeks 12 weeks 6 weeks 12 weeks
Theoretica ;y the degree ct substltA: D' .2S----. 4 46 6 9 443. 687
c'7erncals on the cell vvail comronen- ,, cjL t t

msimportant factor i. trie effect ,eriess o*D'h 0 2 0 6 38 6
* chemically modified wood in cotcr ttack c,~ 4 28 q2 -

micro-organisms. While thnc degree of poymer-zati 50 6 R 25.2 !
D~I) after initial grafting to cell wail components
ncreses bulking in the cell wail and contributes BiAyler>- oode 7 52 18,8 6

4 OSi*'-ly to corn- -lsiloral stability. DP does not seem to 14 )9 12.4 5 t
,onti lp te cc -, fisistance except perhaps to 23 3 2 3.8 27 2
exclude water frffin the enzyme-substrate site which is

Jeur for attack to take place. E,,,chorotiycrin 17 4.9 72 6? 2 9
25 2 6 5 1 2

Laboratory- Unsterile Soil 35 22 59 20 4 1
Ovendried -. ood of PP 19 by 19 by 152 mmn were 1 -7 4C1

reacted with BO'TEA 195 5. v/v) at 120' C and 1510 lbin
B, varying the reaction timre, three different WPG
specimens were obtained. 3. 15. and 23 7. Smal
ul(cks. 5 by 5 b)y 10 mm. were cut from the larger Table 31-Soil-block tests on epoxide-modified southern pine

lcks inoculated with Coriolus (Polyporusl versicolor

Th-ce sall unleached cod blocks from each Specimen Weight percent gai Pfernt weeklss

*treatment were incubated at approximately 22' C in
moicst unsterile cormpost soil (garden refuse composts 0 5,
A -*t of unmodified PP blocks was also placed in the Oitn
qoi The blocks were removed from the soil after P~upylene oxid 6 4 L,4

ti-eeks exposure and transverse, radial and tangential 521
sf-ir tens wvere cut for microscopic examination The S
Jjrl'od iod woodl blocks were studied after 4 weeks

e-~ rsureBulv~- ~' - 1



26 . . . . The soft-rot decay pattern was very unusual, because
all cavities were confined to the radial walls in the

24 latewood tracheids. Aowever, most of the radial walls
,22- o Butylene Oxide that were seen next to rays in the microscope sections

~20- _ were not attacked. Cavity initials (T-branches) were
20, Pentachlorophenol observed in the tangential walls but further

- 18- _, development seemed to have stopped.

16 There are two immediate explanations to the uneven
0 14. distribution of the soft-rot cavities. The first one is that

-~ chemical differences between the tangential and radial
- 12' walls in the tracheids have resulted in different types or
L ! .1 different degrees of reaction with the BO. The radial
W 8.. walls contain a higher proportion of lignin than the S

8 tangential walls. This could possibly affect the type or
6.i  degree of reaction.

o 4
2 4 The most likely explanation is that the radial walls have

2, not been completely penetrated by the solution of
BO/TEA. The radial walls in the latewood are nearly

0 2 8 1 8__L_202224 2628 twice as thick as the tangential walls. Microscopic0 2 46 8 10 12 14 16 18 20 22 24 26 28 studies of sections from the wood blocks that had been
Weight Percent Gain partially stained with crystal violet showed that only

, -Pt, ,!',in.e ot modlied southern pipe exposed to the inner halves of the radial walls in the latewoodrdn Gloeophyllum t sabeum p oM151134j tracheids were stained while the tangential walls were

completely penetrated by the stain. Most of the radial
walls adjacent to the rays were also generally well

A sinvIe stud', .,jas done on unmodified PP blocks in stained. The penetration of the stain was observed to
orcer ' try to oemonstrate pathways for solutions in be slower in the radial walls than in the tangential
h w--d struct re. The baocks were placed in a walls in some of the latewood tracheids.
2 nercent solution of crysta! violet with the transverse
s ;a c el iovr;,va As in ttr solution The depth of the The staining experiment showed that areas which
nt'c . or-.r,m~ate'y 3 mm Tie solution was remained unstained coincide with the areas where

a .ni, 'n ood blo:ks by capillary heavy soft-rot attack occurred. This strongly indicates
n L) rr.. t.. -u o i ed wher the first signs that the peculiar distribution of soft-rot attack is due to

,-;4- transverse faces of the incomplete penetration of the radial walls by the 0
.-. .e tren left to dry over- solution of BO/TEA.

--, ,- , -,, , aed n water until no
.' , verse sections were cut Very few soft-rot cavities were found in wood blocks

a ,) r.'n . oiot sain .%as studied with with a weight gain of 15 percent. The superficial decay
,-I ' Iqi" I:r'!_: j;)t. observed was caused by tunneling bacteria. Their

attack in the wood blocks now showed the same
'rh,, .. , a , 'err. attacked by soft rot. uneven distribution as the soft-rot attack in wood

.,i A'-rv tio v found in both earlywood blocks with 8 WPG. The distribution of bacteria was
.1 .. , ,t',!ood tracho. .s TFe heaviest attack occurred not affected by the chemical modification at the lower
•,h,, iah -. ),o d tacr.eds where th rav'ties were more weight gain probably because of their greater tolerance " -

<s , nt m' distnouted in the radial and tangential to toxicants. But at the higher weight gain they -

became restricted to the radial walls in the latewood
tracheids. which again probably are less well treated

: f tini . . ,: ,h AritP "a wo.2t-r gain of compared with the tangential walls No attack could
'i 5.asevere I ::a, h sot, rot be found in wood blocks with a weight percent

,r ud [r was ,b ,rrvi-d in th,. gain of 23.7
T e t -ineh g bactori.

' '* , . t :r which The results obtained so far indicate important
:,, t t ' r -;I - h in' ev form distribution differences in connection with chernica

; A-, ir I .. )f tf. U eil wall modification of PP with BO. The same problems are,
*, : Op ni' to h. Jo more likely to OCCur in other softwoods as well.

-a~r l'-r

"-'- , 1-.." - .. .. . . I.... . . . -:.. . . .. , . . . -a_ .i,
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Laboratory- Termite Table 32.-Percent weight loss in control and modified
B ocks o; SP. 4 5 by 4 5 by 15 cm, were OD and treated southern pine blocks after 2 weeks exposure to subterranean
with e the POTEA or BOTEA (95.5. v/v) at 120' C, termites
150 b i-. Specirmrens were prepared as 9. 17, and
34 VPG for PO and 27 and 34 WPG for BC A sixth Specimen Weight percent locati Wood weight
specimen from the same board was used untreated as gain loss

a control Pct

*The centrol and treated pieces were sawed into seven Control 0 -31

smooth-faced 0.4- by 4.5- by 15-cm strips. Two blocks. Propyelene 9 Interior 24
0 4 by 2.5 by 2.5 cm. were cut from the middle ot each oieSrae1
of the tniee central strips. Five of these, designated
interior blocks, were randomly selected for testing. 17 Interior 15
Four L.,ockS of the same dimensions were cut from the Surface 13
two strips initially on the surface of the starting piece.
Ft,, of tnese, designated surface blocks, were 34 Interior 5
rardomnl selected for testing. Surface 8

lndnv.duai sets of five interior ano five surface blocks Butylene oxide 27 Interior 4
from eacO treatment, and the control, were leached in a Surface 4

Soxhiet extractor for 2 hr with benzene/ethanol (2:1 v/v) 34 Interior 3
ar,_1 after drying. for another 2 hr with water. The Surface 3

a: "' ' ;ro ts .. ,,as designed to remove any toxic 'in piece of wood after treatment., '-r'ec( ttd ru aq.ir-S The leached blocks were
,, n a i(5 C oven

t- t'" , pes K(n]ldr sunterranean termites. Units were inspected at 4. 10. and 13 days after setup
.. i -. .; _' '- V'is und maintained in a to determine if the experiment was proceeding

,, -'.,_ c-,-ta t--r. p,ior t, use ,Esenther 19771 normally. The experiment was terminated at the end of
-te.t at *r,;xnate,, 87 percent cf tne 2 weeks because the earlywood from the control ...-

t.. , , - t in A t "on- re blocks samples was almost completely gone. To continue the
SY e, 4,. rcaic: tnat the experiment would have introduced a starvation

- t,4, i . i e for !urther experinertal condition in this control set. Termites counted - -
previously in units were recounted and reweighed. The
percentage survival of the different termite forms and

, , n-tn *,.% .et' Esenther 1369) the total group. as well as final percen.tage group 0
w, "- , .t- ef n.trients weight. was calculated. After being brushed free of

•.1 eeai hether debris, the individual wood blocks were OD at 105 " C
- 1YV mr f, i, ,-,t ,r"i "'npertv of the overnight, weighed. and percentage weight loss of the

. ' Dr, ,.asn tj sand 10 ml) was block sets was calculated.
- . J m l a iner (inside

..., -,.. te ' Te, sand In a preliminary termite exposure of PO- or BC-modified
... .. . - - i, r r ,i ached. wood not leached previously. the termites moved as far S

, .. , . . I .. , .~.> .- , t 'r ,c w ith the from the blocks as possible Apparently. unreacted
S- , .'., .. , - hr, sandt Each monomers vaporized causing lethal fumigation of the

2. - , . rijr 25 surface. termites in the small containers withr 1 day. Those
.. ... ,-, I . " K nce r blocks were then extracted with benzenefethanol

S. .,,od blocks followed by water and the units reset with fresh
-...- -. -,.:. : - . ' " . • One °;,:r termites This tine the termites exhibited no abnormal

% t - ,- acef in behavior. Because of these findings, subsequent
- - ' . ., . - ". ,. . n ,, :ite termite tests were conducted only on extracted blocks

. T .r-,ountedt in
-. , h , -T term it- The average percent weight losses from corresponding

tT, . , . tfe form interior and surface block sets differed by 5 percent or
. - . fti,;, .. . er ()f less table 32), demonstrating the uniformity of

•. .. ;.i,. . ' . ,t %orkf,rs resistance at both the surface and the interior of the
, -, . . H 

° 

1 r ,,,, ,, , Th- test treated wood. This agrees with earlier findings that
i-, tor wood treated with EPI is modified evenly throughout

the wood up to 2 by 4 cm in cross section Figure 11
illustrates that weiqht loss in BO blocks was due to
sliqht termite attack w l
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Possible explanations for the observed resistance to Table 34.-Field exposure of southern pine stakes
subterranean termite damage are numerous: epoxide- (4.8 x 9.6 x 43.2 cm) modified with propylene oxide, butylene

* modified wood can be: (a) toxic, (b) repellent, (c) oxide, or epichlorohydrin initiated June 1975 in Madison, Wis.

distasteful. (d) undigestible and, therefore, unsuitable
as food, or (e) epoxide-modified wood fibers are stiffer Specimens (No. of Weight percent Decay rating after
and physically more difficult to eat. Explanations (c). specimens) gain 7years
(d), and (e) are aspects of unpalatability. Controls 04) 0 1

Ethylene and propylene oxides are used as biological Propylene oxide l6) 20 37 10
sterilants so any free unreacted oxide remaining in the (6)
treated wood might be toxic or repellent to termites. 11
Repellency and lethal fumigation occurred in the
preliminary study with epoxide-treated wood. After Butylene oxide (51 19.40 10
solvent extraction of this wood. neither repellancy nor (4)

fast-acting toxicity were noted
Epichiorohvdrn 14i 12-23 10

The resistance of the modified wood seems attributable
primarily to its unpalatab:lity Up to 39 WPG. the
higher weight gains from epoxide treatments virtually Table 35-Field exposure of ponderosa pine stakes
eImlinatfd attack on the wood by termites. A delayed (4.8 x 9.6 x 43.2 cm) modified with butylene oxide, initiated
mortality of termites occurred: although it was greater September 1978 in Saucier, Miss. 0
than that occurring in groups of starved termites, it
was similar except for blocks treated to Rating after
34 percent BO That greater mortaiity nia, Le Specimen Weight percent 2 years
attributable to either an enhanced starvation effect or a gain
slowacting toxic effect. These two options will remain Decay Termite
difficult to assess because proliferation of pathogenic
microbes in groups of starvatonally weakened termites Controls 0 0 u
will confound interpretation of results 7 0

4 4
Field Tests-Decay and Termite o C
Standard field stake tests were run according to 7 7

specifications as outlined in ASTM D 1758 (1974). Butylene oxide 27 9 10
Southern pine or ponderosa pine stakes unmodified 2 7 tleode7
and modified with PO, BO. or EPI were placed in test in 31 9 9
the ground ir either Madison, Wis.. or Saucier, Miss. 33 10 10
Inspection of the stakes occurred semiannually. 34 7 9
Specimens were graded for both decay and termite 35 9 9
damage as follows:

Rating Description of Condition
Marine Tests -10 Sound

9 Trace of decay or attack Standard marine exposure tests were run according to

7 Moderate specification as outlined in ASTM D 2481 (1976).
4 Heavy Southern pine specimens. 3.7 by 0.6 by 15 cm.
0 Failure untreated and modified with either PO or BO were

placed in test in the coastal Atlantic waters off Key
Field stake tests on epoxide-modified wood showed West. Fla. The specimens were inspected
decay was much less severe in the northern climate of semiannually. Marine borer attack on each panel was
the United States (!able 34) than in southern exposures rated as follows:
(table 35) There was virtually no termite damage at the

Madison site. and after 7 years. control specimens have Rating Description of Condition
a fungal decay rating of 7. while the epoxide-modified .]

rates either 9 or 10 After only 2 years at the 10 No more than trace attack
outhern exposure site. most of the control specimens 9 Light attack
fw-re destroyed by fungi and attacked by termites BO. 7 Moderate attack
,djf)id specimens rate higher than controls, but both 4 Heavy attack

Vu ,a! attack and termite attack took place 0 Destroyed by attack

27
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Table 36-Marine tests of southern pine panels ME=dP/dx L'
(3.7 x 0.6 x 15 cm) modified with propylene oxide, initiated4. h
June 1975 or butylene oxide, initiated December 1977 in4.bh
Key West. Fla.whr

Specimens Weight Rating after year dP/dx = slope of load-versus-def lection graph within
(No. ot percent the elastic limit (lb/in.)

specimens) gain 1 2 4-1/2 5-112 7 L = length of specimen between supports
19.75 in.)

b =width of specimen (tangential) (-I in.)
24 3 12 13 lb h = height of specimen (radial) (-1 in.)

The modulus of rupture (MOR) (lb/in.2 ) was calculated
10 as

MOR = Prmax 1O
bri2

where
g.'36.~Ai h ''ot ei ,,xide Modified w~od in Pmax = maximum load (lb).

ane P'vllonriient Unniccdifed contr,. : pecimens
j->ta 1ya ~repxd Compression tests parallel to the grain were conducted

ile, voCul na-,1t,- r) test fco' over 7 years with on 2.5 by 2.5 by 6 cm specimens at 20' C, 65 percent
- .- ' ma,' -e '~-rAtta;' Aftr' aD in;t 2 years C"' RH. The specimens were placed on a spherical bearing

u,-,-id, v.t ,'o.inens .- some loss of and loaded in the longitudinal direction with a

'SV'ri'.Di h'fl asthe ries it of !he crosshead feed rate of 0.007 in./mmn. A deflection
-int an1 ton tn avsre ',-raiim measuring device was placed against the feed head. In

:1-~.tveressA nod''eJ_ %oucd in resisttng attack by this way, the testing machine produced a load-versus-
r' S n a~ -,)r .r'nart i' nh:s proportional limit (FSPL) (lb/in.2 ) was calculated as.

* ~FSPL PpMechanical Properties bh2

S-o fsugar maie' tAcer sacc/raru~rr March.). where
2 by h 2 ') by 47 5 cmi were crepared from two boards0
.'t fro- the same .oq witn the grain oriented parallel Ppl = maximum load within the elastic region (1h).
t-) o 50 tjc,.,3 Ten specimens were treated with P0/TEA- 1

* 95 5. -,v a' 120 'C. 150) lbin., Because permanent The maximum crushing strength (MCS) (lb/in.2 ) was
,;ehn. c-urred during treatment all specimens were calculated as:

rfeDi jflkI o 2 5 by 2 5 cm. ~a
In1 gcri,al vc aia tests of modified specimens MCS = bh .1
foliowej speriatons as outlined *n ASTM D 143
1976) SarnlIK variet somewhat from standards. Hardness tests were conducted on specimens 2.5 by

anld 3t1it 3ppiiA -) f ASTM standard procedures 2.5 by 6 cm at 20' C and 65 percent RH. Hardness was
Was not toilovved as 'he mechanism of failure may determined by the load required to penetrate a test ball
difler trom untreated controls. (0.444-in. diameter) approximately half of its diameter

into the specimen. The rate of penetration was
Be'ndin', tests ,.Pre >dutdon specimer~s 2.51 by 2.5 0.25 in./min. The index was determined on each
t, 27 5 'inT at 20 ' C; jnd 65 pe'cerit RH Specimens surface.
w 0,rf .r',(, the leslinq T'achlne supports with. tho

Ii~~~f ro~ 'ij:e nretheO pith toward the center Diffusion coefficient tests were conducted on
hilock Aij coaded Ai9-h a cro33he ad feed rate of specimens 2.5 byi 2.5 by 1 cm. The radial and-
1( 'jrA deflect icr measuring device vas placed tangential surfaces were coated with a silicone rubber

w.tu rven horizonitally into the specimens at sealant to restrict waler-vapor diffusion to the
i~n! inintheiqfht. In this way, the testing longitudinal direction during the test Ovendried

-- I rc .e a 2-y'udeetingraph of the specimens were placed in a conditioning cabinet at
- ,djkso i:;tity in bending IMOL1  20' C and 65 percent RH and weighed at specified time

iih in i-;' acat' i; intervals. The moisture content of each specimen was

6 283



TaNle 37 Modulus of elasticity and rupture for propylene oxide modified maple (average values of 10 specimens)

Modulue. of elasticity Modulus of rupture

95 Prcet Coffiien 95 Perce it Coefficient
95tnd Pecnteefirn Pounds per cofdcef

squaincpe confidence ofcofdnef
inar inc nerval variat Ion square inh interval variatior,

~f3Sit propo0rtional n mx imuirm crushing sfrengfh for propylene oxideniodified maple (average of 10

F ibut stress af proportional lnut Maximum crushing strength

Ponspr 95 Perceint Coefficient Ponspr 95 Peicent Coefficient

squa~re inch cnieeofsquare inch cnienec
interval variation interval variation

Tabi 39 t-~al angenfial. and longitudinal hardness of propylene oxide modified maple

Radial hardness me'. Tangential hardness index Longitudinal hardness index

95 Percent Coefficient 95 Percent Coefficient 95 Percent Coefficient

Tt&.,,iwn1 Pounds contidence of Pounds' confidence of Pounds confidence of
interval variafiGil interval variation interval variation

4(,3 16 iFi.3

419 824

Jr ra!'(, oJ V,/ v;,i r The, voiji- )f VV N'iO(( pqtcJ TIC'S ins tht i dd(S f

~tilTimr TI), andS !he UiffUSion cneS Scr~ent iD) iii Squarre

Crf1Meter SCeC1O' (Cm 5PC) wdalclae as

16

t fie r o
V4, t slope of The mnitial straiight line portion --f

heJ f)'t Of W' ve1rSLJS timO
I- ]3iiq-ttdinal dirlins'Dr 113TH

iii' ~.i 1111 Tahlos 37 tc 41 s-ho. % the i0o,(T of in~iosiie modification1
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Table 40.-Diffusion coefficients of propylene oxide-modified Accelerated Weathering
maple (average of 10 specimens)

Treatment Diffusion coefficient Southern pine sapwood blocks, 2.5 by 0.6 by 2.5 cm.

10 lcm2 'sec were prepared from a freshly cut log. All specimens
were OD at 1050 C for 20 hr. Two sets of five controls

None 6.269 were prepared: one set received no treatment and one
set was extracted with benzene/ethanol (2:1, v/v) for 2 hr

Propylene oxide 8.109 in a Soxhlet extractor before use.

Ovendried blocks (five each) were reacted in a stainless
steel vessel at 1200 C, 150 lb/in.2 nitrogen pressure.

Table 41.-Summary of the percent change in properties of with BO/TEA (95:5, v/v). Specimens with weight gains
maple due to modification with propylene oxide of 25 to 30 percent were used in weathering tests.

Property Percent change
Pore cThe radial faces of all test specimens were exposed to

. .ws of eiaslcit - 14 a 6,500-watt xenon arc light source (which closely

M(JIUlUS .J! rupture - 17 approximates natural sunlight spectrum in the visible
and ultraviolet regions) in an enclosed chamber at 450

cbner stress at proportional limit -9 to 50' C and 50 percent RH. Exposure to this radiation
alternated with a spray of distilled water at ambient

* Mlamurn crujshing strength - 10 temperatures with the light off. One week of S
accelerated weathering consisted of seven 24-hr cycles.

Rad,al ha'dness index + 5 Each cycle consisted of 4 hr of distilled water spray

index 0 followed by 20 hr of light. Exposure time is expressed
Tanget ar nardness de0as hours of exposure to light. Erosion of earlywood

Lorngtudinal hardness index 0 was measured using the technique as described for
vertical-grained specimens (Feist and Mraz 1978). The

DifLjsion coeffhcient +29 rate of erosion of earlywood was determined after 600,
1,200, and 1,800 hr of light. After weathering, all blocks
were reovendried and weighed.

Specimens used in these tests had an average level of
chemical add-on of 20 to 22 WPG. Test results on Separate specimens both unmodified and modified with

sugar maple for MOE, MOR. fiber stress at proportional butylene oxide were exposed to the same light source

limit, and maximum crushing strength all show a under the same conditions except 1,800 hr of light only.

similar trend (tables 37 and 38). Those specimens 0
modified with PO show a loss of 9 to 17 percent in Selected specimens, both unweathered and artificially
these properties as compared to an unmodified control. weathered, were mounted on circular (9-mm diameter)
This shows the effect cell wall bulking has on the specimen holders with a mixture of silver paint and
mechanical properties of wood. One would anticipate cellulose acetate cement. The stub holders were then
a loss in strength and stiffness due to bulking, even if transferred to a high vacuum evaporating unit and
the treatment was completely inert with the wood coated with approximately 100 to 200 A of gold. The
substrate. specimens were examined with a scanning electron

microscope (Cambridge Stereoscan) at 20 kV.
Results from the hardness tests show PO-modified
wood to be roughly equivalent in hardness to
unmodified maple on all surfaces (table 39). Diffusion
tests show that PO-modified wood resulted in a more
open structure than that of unmodified wood since the
diffusion coefficient is 29 percent higher for modified
wood than unmodified wood. Table 41 shows a
summary of the percent change in mechanical
properties of modified maple tested as compared to
unmodified maple.
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Table 42.-Rate of accelerated weathering and overall weight loss of southern pine sapwood atter 1800 hours light exposure

Erosion rate, microns per hour'
Weight Ovendry

Specimen percent weight loss Springwood Summerwood
gain Light Light/water Light Light/water Light Light/water

------------------- ---------Pct- -- --

Control 0 05 5.7 0.008 0.150 0.008 0.042

Butylene
oude 28 1.3 6 4 .033 .183 017 067

Eros n rate determined between 1200 to 1800 hr. expressed in microns per hour of light exposure.

Three separate specimens were used for chemical Table 42 shows the rate of accelerated weathering and
analyses for each modification. The first was the overall weight loss of SP sapwood after 1,800 hr of
unexposed wood. The second was the outer 0.5 mm of light exposure only, and light exposure combined with
wood (removed by slicing with a razor) exposed in the water. Weight loss is low in the ultraviolet (UV) light-
accelerated weathering chamber (referred to as outer only exposure since there is no leaching of degraded
specimen). The third specimen was the remainder of products by water. Weight loss values for cell wall-.,
the exposed sDecimen after removal of the 0.5 mm of modified specimens were higher than that observed for
exposed wood surface (referred to as inner specimen). unmodified control specimens. This greater loss may
All specimens were ground to pass a 40-mesh screen be the result of residual bound monomer being slowly
and ovendried for 16 hr at 105' C prior to chemical vaporized or by slow degradation of grafted polymer.
analysis.

Weight loss values for specimens in the UV light/water
Lignin determinations were by a method similar to exposure study were from 2 to 11 times greater than for
Technical Association of the Pulp and Paper Industry specimens in the UV light-only exposure. All these
TAPPI) Standard T 13 (1954). Samples wore treated weight loss values, whether for light only or light/water
with 72 percent sulfuric acid for 1 hr at 30' C and exposure, indicate loss of wood substance only from
3 percent sulfuric acid for 4 hr at reflux temperature, the surface of the exposed specimen since UV light
Wood carbohydrates are thus hydrolyzed and does not penetrate wood deeply, and the weathering
solubilized. The insoluble residue was measured process is a surface phenomenon.
gravimetrically as lignin. The hydrolysate from the
lignin determination was used for the reducing sugar The maximum erosion value for all specimens, modified
analyses. All values shown are uncorrected for or unmodified, after 1,800 hr of light-only exposure was
extractives, chemical add-on from modification, and for 40 microns, the minimum was 10 microns. These
the small amount of degradation during hydrolysis. erosion values were observed for springwood

(summerwood was approximately one-half that if
Chemical modification of the cell wall components of springwood) and compare to values of 60 to
wood should theoretically give increased resistance to 330 microns for specimens in the light and water cycle
weathering due to the blocking of lignin hydroxyls so exposures. Without the action of water (leaching.
they do not undergo a quinone-type reaction. In washing) degraded wood substance will still adhere to
addition, modification blocks holocellulose hydroxyl the wood surface, and wood modified or unmodified
groups. which decreases the hygroscopicity in the will erode or wear away slowly.
carbohydrate component. This tendency to resist water
pickup reduces swelling and shrinking. By reducing the The summerwood of specimens chemically modified
extent of lignin degradation and water pickup, chemical with BO eroded faster than unmodified controls when
modification could play a very important role in exposed to UV light and water cycles. Chemical S
controlling the natural weathering process. modification with BO was ineffective in controlling

erosion, For both springwood and summerwood.
Measuring the erosion of springwood compared to chemical modification of SP sapwood with BO yielded
summerwood as a function of time provides a good a modified wood in which the overall erosion of wood
method of determining the rate of weathering. The use substance was increased during accelerated
of an accelerated weathering chamber increases the weathering.
rate such that 1,800 hr of light are roughly equivalent to S
3 to 4 years of outdoor weathering. Very little erosion
of high density summerwood occurs during this time,

31
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Table 43 shows the chemical analysis of unweathered
and weathered wood In the control sample the sum of
the lignin and carbohydrate components (lignin. plus1800 Hrs. Light Only total sugars) accounts for almost all of the wood
substance.

The BO-modified specimens snow a much lower total
h . sugar content which, in turn, accounts for the lower

ltotal mass balance (lignin, plus total sugars). The
reason for this is not known, but perhaps part of the
explanation is how modified sugars react in the sugar
analysis. A sugar unit that is substituted may not
undergo the same colorimetric reactions as an
unsubstituted sugar. The ratio of sugars is lower in the 0

Control Be SO specimens as compared to the controls. The
sugars in the hemicellulose fraction are the ones which
are lost. It is possible that these more accessible
sugars are more highly substituted and again do not
respond to the colorimetric analysis. The loss of
hemicellulose sugars may also be due to the stability
of the ether linkage in the 80 modified specimens and

-""- Io C lthe dissolution of substituted sugars in the separation1800 Hr. Light-Water Cycle step. The sugars would be absent in the sugar analysis
and would appear to have been degraded by the test
conditions, but in fact were present in a modified form
which did not survive the separation procedure.
Because of the real or apparent loss of sugars in the
S0-modified woods, the total mass balance for these
treatments is very low (lignin, plus total sugars).

Lignin values were always lower for the exposed outer
surface wood than for unexposed specimens or inner
portions of the exposed specimens. This effect has
been observed previously (Meyer and Loos 1969) and
reflects the degradation and solubilization of the lignin

* component.

Figure 12 -Southern pine specimens after 1800-hr exposure Scanning electron micrographs of the exposed radial
to UV light plus alternating water spray or UV light alone surfaces and split tangential surfaces of unmodified
Upper half of each specimen was protected with a stainless and modified SP, before and after accelerated
steel plate (M151123) weathering (1,800 hr of light or 1,800 hr of light, plus

water spray), gave additional interesting information
Specimens used for erosion measurements had thin about the role of chemical modification in providingspies sed fors er mhearemena d then resistance to UV light degradation. The upper left
stainless steel covers over their top half to prevent UV photograph in figure 13 shows the planed radial
light degradation and to provide an unexposed base for surface of unmodified SP before accelerated
optical measurement purposes. Representative weathering. The middle left photograph shows an
samples of all exposed specimens are shown in unmodified radial wood surface after 1,800 hr UV light
figure 12 where physical changes for the exposed wood exposure. Pit degradation is apparent and some mild
can be observed The difference in color between UV check formation. The upper right photograph in
light-only and UV light/water exposure is the most figure 13 shows 80 modified wood before exposure
obvious change occurring after exposure. The color of while the middle right photograph shows a B-treated
exposed wood in the UV light-only exposure is darker radial surface after 1,800hrUVonly. Slightly more
than those of the protected wood in all cases except degradation of pits is visible, although overall wood

specimens chemically modified with B. Light colored element degradation is relatively small.

woods like SP usually darken on exposure to UV light.

Butylene oxide modified specimens become lighter in
color on exposure to UV hght •

*l 32 0
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Table 43.-Chemical analyses of chemically modified southern pine after accelerated weathering

Weight Sugar ratios
Specimen' percent Lignin' Total Lignin +

gain sugars' sugars Glucose Xylose Mannose Arabinose Galactose

Lreee 286 66.3 94,9 65.0 10.2 16 1 281 5.9

OLd~er 269 65.7 92.6 670 9.8 159 2,6 4 7
rnr- 29 1 66.3 954 64.3 11.1 150 2.9 6.7

248 706 954 693 0.7 14 3 1.8 59
1"er - 283 67 5 958 659 10.0 169 2.2 5.0

8ur, e , OU .d " 310- 296 34 636 879 61 7 .8

2)te 24 30 1 3951 65 2 839 67 C,5 1 4 1.5

28n 3, 3165 338 674 8379 6.3 P461 13

DL.te3' 30 3 27.9 367 646 937.5 59 4 7 8 1.1

1, 1 ~ v no s s P~co)sed eijrfa,o.

7 n -iO rx.es~e as percpnt of O~"1vsamrle

c. i a. ;,-q---sed a, ,..cF-t of ., enofr3 samhie

1;e~ to' L,544 r, UV .19'd dfl,. Thermal Properties

JV Cl '.6 2'2 K I ID5Ue C I Soitnern pin" and PP ovendriei blocks 2 by 2 ov 5 cfr) -

if- j. I) kn Col t "o:tal axid onqiti rjina were reacted with PO'TEA cr 80/TEA at 120' C.
e 0-)0/r'O'< b5 tir- S -~ihens vere, rrclarfed --t - 2 V'P6 .%::Ci

oa e 'i .. D j sverr PL) fir Mtn SP and PP and at 22 VVPG and 29 'APG
,4 e rI ch, ,ien ,,tf th 0 Bbcr SP and PP. respe.ct ivey. Eacrh spEcr mern

.3 ~ ~ ~ ~ ~ ; q1 wi~ IrSroo.cvth an unmeodliedl cnrriro ,was grOL id to pacs a
- otCr , r~ '4C tiosh si/nonf. extra!ced wiifl tenzerle ethano!

* r-, J ',Pie ,ac all, OD at 105 f,-) r
rv a-i aJ~l am1

r,.~~TG ~ -'1 2 100' -ir,qra 'Pili~c s/L-f), A

t, B stx'ner rica- s to 0.1 :.g arid 'an ir e' .0
Yr ' if'I p i ocro'rjrtace terilperature was pr(Vlrar-ned by the data

U'vh 3 I c;nt V'er .i. if lrC)Lrouhi a (iiqtptl-lo- in 9i converter. Sarnraier:

4-' i ,lt 1 ''' hoto for tr tjr, of 51)0 ' C, urfld(' ,,trcqtiI' fjI h rrq
* ~ ~ ~ ~ ~ :O to q i hp'5 i4 '! vri.(crrsidef, te r per minute (ins;

* '- ,ra' i5' c i.r both(;Cr arid B0-
* ~ ~ ' e -Js.,ol ,oi..roe f:' UV iiht and

~~li p~j .jeterioral , is orly three
1fibir-, M0;; ard : fi~ oe,,v these are-

*i 0- -
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A uC~~ss pots .or'e at 325 ,n '1

Tirt.32 C, rnaxmur.- scHa ,, thn t)' 0 ;' 0 300 40
d oOte hmce~ase .r n n";:~' ;oa Degrees C

,snin the mod ted o lh
Wenemiceliuiose sugars have t~e(I ... / r~SSof

:iiie therma! degradai~ 2r imj de"Id -V(' 4'' rdt~o
* r ~the Ce idose at a h'"he' 'ornpprattre. V ' .. '>Dtmeat

Are !he TGA data did no: uv tc- r>, Linii

h l -n-sbtut Wthfl odned t ~1,'i~d idV 2

'5'2l2 ithie to earn tr(,rr thi.5 anaiysis if tine
-t ;'rom the comK ustion of moo fn'ed 4 nod A em

-ss fiammable than combustion produ t,; fI-i)

n riPP unmodified anc modified Yvith P0 tCo
V PG BO 8 to 29 V4PG Figure 17 show-; the fleat

n-l 'stion of combined volatile decomposit;,inLL..2 i,

''<0(I ts '; bsed on its equivalence of the quantity of z 0 2 '
Aeiused in combustion. A control specimen

,trovved a heat of combustion of 2.8 kcal/g. This is 0 .

no eat of nombrioin wulasis 4 o kcl nd-modified 0 1
0/

coming from epoxide-modified wood are somewhat

monre flammable than volatiles from unmodified wood. 4
This is probably due to the lower oxygen content of the 0 100 200 300 400 --
epoxide added to the wood, as compared to the oxygen Temperature, DegreesC*content of the wood cell wall polymers. It would
require more oxygen in combustion to convert the Fmigue 16.--Thermogravrnetric analysis o/

epoxde ombutio prduct toCO, nd 20.epoxide-modified southern pine. Rate of weight
Figure 18 shows the temperature of the maximum rate /osaafucinfteeaue.(5126
of oxygen consumption. The control has two peaks at 1 ]
325 C and 375' C while the epoxide-modified wood
showed only one at 375' C. This Is similar to the TGA
data in figure 16.
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Adhesive Bond Strength

.4 Standard tests for strength properties of adhesive
>, bonds in shear by compression loading were run

according to specifications as outlined in ASTM D 905
3 (1976). Specimens of SP (2 by 6.2 by 30 cm), with grain

parallel to the longitudinal face were prepared. The
I specimens were OD and treated with either POiEA or

", BO'TEA at 1200 C, 1501b/in.. The average WPG for all
specimens modified with PO was 38.1 and with

,,BO 35.2.

Specimens for adhesive bond strength were prepared
' . .... from the above modified wood and unmodified controls

0 100 200 300 400 500 (45 by 3 7 cm) Two specimens were laminated with
Koppers 4411 phenol rpsorcinol, double spread, pressed

),ve- gas analvs!s of expoxide- at 175-lb/in.2  pressure overnight at 230 C. Test
'o a pine Hear of combustion ct specimens were placed in a standard block shearing

.crio3 of temperature. 151124) tool, and a load applied with continuous travel of a

movable head at a rate of 0.015 in./min to failure. The
shear area was 2.8125 in..

03,
Adhesive shear strength of PO- and BO-modified SP

laminated with phenol resorcinol was determined.
S'e Table 44 shows that while a control specimen failed at

t
,02 ,,. 1.670 lb/in.2 , epoxide-modified specimens failed at

PO 3, PG about 1,300 lb/in.l. This 20 percent reduction in
a-) o 29 , , ,adhesive bonding strength is due to failure in the wood,

W C 'not in the glue joint. In an average of 10 control,_ , specimens only 52 percent of the joint failure was due
- 01 to wood failure, but in epoxide-modified wood over

O= 80 percent joint failure was due to wood failure. This
I ' ( probably means that because the wood fibers are

0r , bulked, the forces holding them together are reduced.

0 100 200 300 400 5W Public Exposure
Temperature, Degrees C

Figure 18 -Evolved gas analysis of epoxide A piece of epoxide-modified American black walnut
modrtf,ed ponderosa pine. Rate of oxygen was aboard the American-Soviet space mission in July
r onstmL~hon as a function of temperature
,,15rt an25, 1975. The wood was used to make a small box, given

to the Soyuz crew during the flight exchange,
containing genetically superior spruce tree seeds.

Several of these boxes were made and given to the U.S.
Table 44.-Adhesive shear strength of epoxide-modif., d astronauts and Soviet cosmonauts involved in thesouthern pine laminated with phenol resorcinol' mission as well as several major television announcers.

Weig tstress at WThe box exchanged in space is now in the U.S.S.R.
Specimen Weight percent re Wood failure Space Museum in Moscow, and a replica is in the U.S.gain failure --- --

Lb/in. 2  Pct Space Museum in Washington, D.C.

Control 0 1.670 52 As a result of this public exposure, the epoxide process •
received wide press coverage in 1975 and 1976. A

Pr, ,yl ,,' , s ,je 38 1 1.360 81 patent on the BO process was issued during 1976 to
the United States government. News from the space

Butyinne ox;de 35 2 1.295 92 mission and the public disclosure of the patent
'Averagle of 3) specimens of each type. resulted in over 10,000 letters from people wanting

information on the process.
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Conclusions

1,KI,' ArtO h'oo V, P 0( i R Aa esistance to altuk of modid '.V( od by sra~'c.
!,y AlL tr~ee are- rio byproducts speculated to lbe 0 .e to rnirorrotor thc-

,tti , ii, t~t, 'e,.i i,' tbee is complete otlen Odr carpohyurate ',-mponenrts such that very speciir
-2 in, the -,w ior, h orjrs formedt are stable. biological reactions carno take Placi Ligrrirr
0 ~OJ s nerrrrac!d:on tares piace in the cell vall. Subst itution doe., not seem to) play a major ropeif h

~o r~resuri Acod io~unre fr-om the treatment is protection mechacirn to biooilatc Fotn
:t'ato toe vS ui~rne w' ctiemical added. Bu:lking reason. substituting toe ligrnin compurnent is a wasto, Af*

r'r. e' ,' ad vith roiie chemical results in 50 to chem-ical in the moduification process
rcert Bin ecauseailt o th chericavl ofi o tdefo omlki ha opeeynnoi

)r, rr Ensoas otfultye ag checls adonf Itde o emlieyta opltl o~x
-ia, aiditic necsai to achieve coo means of treating wood for bioloica resSrce ;vmil

~astao it. tie pro, ed ore is oxiper s, Ve '-d ever be as effect'ive as treating wood vith toic
r,,.,, e_,rz2 tust di aplicators i lt tDr :.Pernicais as is trresertr done As toecooe ' r

0 eu tI, UieS Overt'eatnre,_nt results ir a loss nr ,n~ionmerT increases. however, the use of tIlei.'
il stlIl luilty 0 C to ceis.l] ruptujre o'micals may hoiI restricted or even banned.. Tirie netr:

to) xterd cur :-nier siupply by using iess new wo
!a0c t at tdok tOs iL nfl inu tormites wa3s to onr. e!service li fe fromn treated %ood0 i Lusc

vth BOmT'o.oified 4wood irs lathorutory tests. In re._quire t-iol Ttornaties to trhese toxriO' roertures
ai.arrc.nttests the lever ct res stance was no(t -im, Ofe erte( tle futu'e Bondig of ronleachail

iiV cc Epoxide-modifred woo might perflorm viury ie-iicais tc ALC Mc ray provide a possible so',atir
I)aave rround a ppiicatfon wnere dimerisionial

s aii' arc! r~ological1 resistance are disrl M, >r , tw' euch dtore on chenrical modification of
'' r'ayttiigm of abovii ground expoised .ood Hf hour toe on ovendried mat(erial If hset

S.L' le". Miss , show,,s rorlise hoie,'er. full ica . . 5. s er. i,_1cing c hemical is lost dlue to
tesot no js needed. i, ,is a'd -b riot availabie for substitution. As

-p;a the erci, product is to be used as a bulked.
Ti g m-;t-vfcant 1[rdicin nr this research prograim ,j ef wsoially stabilized product with no dic water

-se i..aoe oI epoxide-mocifhed wood. In a mari'le -unact th hd.olrui ;,&d chemical would rot be lost and0
* ~rcmer Ecept for a small amnount of mechanicai wild stil. act as a cell wall hulking agent. If bonding

a:1aage epoxide- modfied wood ras rebiste'd Is necessary. as in the case of biological resistance.
jtta3,-mc L-r arine borers for abou~t 7 years. Unmodified then any hydrolyzed chemnical reagent is lost, and this

onr.specimens usually last less tear 1 year and adds to the cost of treatment without any benefits.
mra n1 ti'nos only a few months. At this time. the
conrtinujing re'sistanrce to attack by marine borers of The future of chemical modificatio- of wood with
F,0' i ' ep rmodified wood is the most promising aspect epoxides lies in end product proptiLy enhancement. If.
4cr furtner industrial development, for example. fire retardancy is important in a wood

material, the fire retardant could be bonded
V!cie varrtoles of wo-od species are treatable with the permanently to the cell wall through the epoxide
oipajiide prc.edure It is an excellent swelling/reactive bonding system. If the level of chemical addition were
s',im and .)rietratec rioartwcod of several species high enough. dimensional stability and some degree of

to n to be ifficult to boa-t. A wide variety of resistance to biological attack would also be achieved
* tcviscan be used in the reaction. however, those of at no additional cost. The greatest single application

)Oit rn)OeiOar weight. ioN boiling point, and low cost of the research would be in reconstituted products in
* have the Most promise of commercialization. Epoxide- which standard operating procedures call for dry wood

mod-tooe wood is somewhat more flammable than materials, spray chemical addition for maximum
unnmodified wood but niot to a great extent. Due to the distribution, small sample size for good penetration.
thurking ac-tion of the bonded chemical in the cell wall, and high temperature and pressure in product

*epoxide-modified wood has slightly lowered mechanical formation. These are exactly the procedures requrred
*proberi The modificatiorr does not result in for successful chemical modification. Permanently

pugn p h od i h od.s ooit snt bonded chemicals that provide fire retardancy. UV
reduced. This means that modified wood should still stabilization, color changes, dimensional stability, and
b~e paitabie stainable, and gluabie. The cell wall resistance to biological attack to wood products may
huiir aiso results in reduced inter-fiber bonding so be possible through chemical modification

*thePre is mTore, wood failure in an adhesive bond
bet Nveen tco pieces of modified wood. Epoxide
modification was fournd to have no effect in improving
the resistance to UV lirt in the weathering process.
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Appendix A

Cooperating scientists in epoxide modification R A. Young. Department of Forestry. University of
research Q)roqram. Wisconsin. Madison. Wisconsin.

D A Bailard. Oxirane Corporation. Houston. Texas. M. J. Eftfland, Forest Products Laboratory. Madison.
Wisconsin.

WN B. Banks, University College of North Wales, Bangor
Gwynedd. North Wales G. R. Esenther. Forest Products Laboratory. Madison.

Wisconsin.
M Chamberlain. Dow Chemical. Midtand, Michigan.

W. C. Feist. Forest Products Laboratory. Madison.
D Davies. Kopper Company. Pittsburg. Pennsylvania. Wisconsin.

W F. DeGrcot. University of Montana. Missoula, D. I. Gutzmer. Forest Products Laboratory. Madison.
Montana. Wisconsin.

G. Hagglund. Swedish Forest Products Research J. S. Han. Forest Products Laboratory. Madison
Laboratory Stockholm. Sweden Wisconsin.

D.N.S Hon. Virginia Polytechnical Institute. Blacksburg. S.B. Hart, Forest Products Laboratory, Madison.
Virginia Wisconsin.

M Horvath. Oxirane Corporation. Houston. Texas. R. E. Kinney. Forest Products Laboratory. Madison, 0
Wisconsin.

R S Johnstone. Forest Commission of New South
Wales. Beecroft. Australia. I. B. Sachs. Forest Products Laboratory. Madison,

Wisconsin.
Z T Liu. Beijing College of Forestry. Beijing. China.

M. F. Wesolowski. Forest Products Laboratory.
K. Lundquist. Chalmers Tekniska Hogskola. Goteborg. Madison, Wisconsin. S
Sweden.

J. E. Winandy. Forest Products Laboratory. Madsion.
R McComb. U.S. Library of Congress, Washington. D.C. Wisconsin.

J. A. Meyer. State University of New York. College of J. A. Youngquist, Forest Products Laboratory. Madison.
Enrvionmental Science and Forestry. Syracuse. N.Y. Wisconsin.

R Moisuk. State University of New York. College of R. L. Youngs. Forest Products Laboratory. Madison,
Environmental Science and Forestry, Syracuse. N.Y. Wisconsin.

T. Nilsson. Svwedish University of Agrilcultural L. C. Zank, Forest Products Laboratory, Madison.
Sciences. Uppsala. Sweden. Wisconsin.

B L Rumball. Radiata Pine Association. Hackney.
South Australia

L Schisier. The Pennsylvania State University,
University Park, Pennsylvania.

F Shatizadeh. University of Montana. Missoula.
Montana

R Simonson. Chalmers Tekniska Hogskola. Goteborg.
Sweden.

R A Susott USDA Northern Forest Fire Laboratory.
Missoula. Montana.

A M Tillman Chalmers Tekniska Hogskola. Goteborg,
Sweden
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epoxide modification research program 1975-1984. wooden boat. Wooden Boat 18-19, March-April.

23. Rowell, R. M., and R. A. Young, eds. 1978.
1. Rowell. R. M., and D. 1. Gutzmer. 1975. Chemical Modified cellulosics. Academic Press. New York,

modification of wood Reactions of alkylene N.Y. 361 p.
oxides with southern yellow pine. Wood Sci. 24. Rowell, R. M., and W. D. Ellis. 1978.
7!3):240-246 Determination of dimensional stabilization of 0

2 Rowell, R. M. 1975. Reaction of alkylene oxides wood using the water-soak method. Wood and
with wood. ACS Symposium Series No. 10. p. Fiber 10(2)104-11.
116-124. 25. Rowell, R. M. 1979. Wood preservation: Chemical

3. Rowell, R. M. 1975. Chemical modification of modification. McGraw-Hill Yearbook of Science
wjod: Advantages and disadvantages. Proc. and Technology. McGraw-Hill Book Co. New
Amer Wood Preservers Assoc. York, N.Y. 416-17.

4 Reese, K. M. 1975. New termite weapon, new 26. Rowell, R. M., S. V. Hart, and G. R. Esenther. 1979.
treatment for wood. Chem. Eng. News 40. Resistance of alkylene-oxide-modified southern

5. Forest Service. 1975. Space gift... An acre of pine to attack by subterranean termites. Wood
trees for USSR. USDA. For. Serv. Picture Story Sci. 11(4):271-274.
291. 27. Rowell, R. M. 1980. Influence of chemical

6. Forest Service. 1975. All spruced up in space. environment on strength of wood fiber.
Aviation Week Space Tech.. July. Proceedings of the FPLMississippi State

7. Forest Service. 1975. New wood treatment. Workshop on environmental effects on the design
Wisconsin Wood Marketing Bull.. August. properties of lumber.

8 Dickerman, M. B. 1975. Timber the ultimate 28. Rowell, R. M., and R. L. Youngs. 1981.
renewable resource. For. Serv. Report American Dimensional stabilization of wood in use. USDA,
Forests, September. For. Serv., For. Prod. Lab., Madison, WI. Research

9. Dickerman, M. B. 1975. New wood treatment. Note FPL-0243.
Floridas Timber Products, Vol 3 No. 6 December. 29. Rowell, R. M., W. C. Feist, and W. D. Ellis. 1981.

10. Rowell, R. M., D. I. Gutzmer, I. B. Sachs, and R. E. Effects of weathering on chemically modified
Kinney. 1976. Effects of alkylene oxide southern pine. Wood Science 13(4)202.208.
treatments on dimensional stability of wood. 30. Rowell, R. M., R. Moisuk, and J. A. Meyer. 1981.
Wood Sci. 9(1):51-54. Wood-polymer composites: Cell wall grafting with

11 Rowell, R. M. 1976. Preserving wood. Am. Chem. alkylene oxides followed by lumen treatments
Soc. Man and Molecules Series. Script No. 822, with methyl methacrylate. Wood Sci. 15(2):90.96. .... ,

September. 31. Rowell, R. M. 1982. Influence of chemical
12. Rowell, R. M. and D. I. Gutzmer. 1976. Treatment environment on strength of wood fiber.

of wood with butylene oxide. U.S. Patent 3985921. Proceedings of the FPL/Mississippi State 0
13. Rowell, R. M. 1977. Effects of drying method and Workshop on Environmental Effects on the Design

penetration of chemicals on chemically modified Properties of Lumber, Forest Products
southern pine. Wood Sci 9(3):144-48. Laboratory report, p. 76-84.

14. Rowell, R. M. 1977. Nonconventional wood 32. Feist, W. C., and R. M. Rowell. 1982. Ultraviolet
preservation methods. Am. Chem. Soc. degradation and accelerated weathering of
Symposium Series No. 43, 47-56. chemically modified wood. ACS Symposium • "

15. Luckett, H. P. 1977. New wood-preserving Series 187, p. 344-370.
process. Popular Sci. 79, May. 33. Nilsson, T., and R. M. Rowell. 1982. Decay

16. Luckett, H. P. 1977. New process for preserving pattp'ns observed in butylene oxide modified
wood. Adhesive Age 56, May. p , sa pine after exposure in unsterile soil.

17. Luckett, H. P. 1977. Outlook for major wood International Research group on Wood
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November. Stockholm.

18. Rowell, R. M. 1977. Nontoxic wood preserving 34. Rowell, R. M. 1982. Wood preservation and
process developed. Fence Industry. November, stabilization by chemical modification of the
25-26. wood substance. Chemical Aspects of Wood

19 Rowell, R. M. 1978. Nontoxic wood preservation Technology. Swedish Forest Products Laboratory,
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35. Nilsson, T., and R. M. Rowell. 1983. Decay Glossary of terms used in epoxide modification.
patterns observed in butylene oxide modified
ponderosa pine attacked by Fomitopsis pinicola. ASE Antishrink efficiency
International Research Group on Wood
Preservation. Document No. IRG/WP/1183. B Butylene oxide

36. Rowell, R. M. 1983. Chemical modification of 0
wood: Commonwealth Forestry Bureau, Oxford, DP Degree of polymerization
England 6(12):363-382

- 37. Rowell, R. M., and W. D. Ellis. 1984. Effects of DS Degree of substitution
moisture on the chemical modification of wood EGA Es
with epoxides and isocyanates. Wood and Fiber EGA Evolved gas analysis
Sci. 16(2):257-267.

38. Rowell, R. M., R. A. Susott, W. F. DeGroot, and EPI Epichlorohydrin
F. Shafizadeh. 1984. Bonding fire retardants to
wood. Part I. Thermal behavior of chemical OD Ovendry or ovendried
bonding agents. Wood and Fiber Sci.
16(2):214-223. PO Propylene oxide

39. Rowell, R. M. 1984. Penetration and reactivity of
wood cell wall components. Am. Chem. Society, PP Ponderosa pine
Advances in Chemistry Series No. 207, Chapter 4,
p. 175-210. RH Relative humidity 0

40. Rowell, R. M., ed. 1984. The chemistry of solid
wood. Am. Chem. Society, Advances in Chemistry S Volumetric swelling coefficient
Series. No. 207, 614 p.

SD Standard deviation

SP Southern pine

TEA Triethylamine

TGA Thermogravimetric analysis

UV Ultraviolet

WPG Weight percent gain
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